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PREFACE 


In the pr(‘SGHit v(?lunM‘ .tlir^ Autlior ’uas ciKlcavoiirecr to sot 
I'ortli as cl(;arly as pyssihfr the General cliaraetensties and 
distinetive jn’optTties oi* reinforeed eonerote a:Ad its eou- 
^stituents, to diseuss in a isysteniatie manner 1h(‘ })rineipl^s 
underlying the design ^ homogeneous members, and to 
show how theso prineiph^s may he applied tr^Itl* evolution 
ol’ formuhe i’or the design of reinforeed eoneret(' im'irilK'rs 
of different elasses. 

It is seareely necessary to give in this Ihxfaee a syno})sis 
of the Avork, as that will b(‘ found in th(‘ table of contents 
oTi another })age, and th(* method of t/eatment will be 
readily gathered by glancing through the pages of th(‘ book 
its(‘lf. The subjc'ct of reinforeed eonerete cannot t)e dealt 
with satisfactorily in all its ramifications iii a singk' volume 
of moderate size. Th(‘refore the vXulhor has restricted h’s 
efforts to what Ik* hopes may be eonsid(‘red a thorough 
ex])osition of fundamental ])rineiples, and to the pn'senta- 
tion of a eoni])k‘t(' series of formuhe Ibj* the pj*inc*ipal elasses 
ot members em])loyed in engineering and building construction. 

The Author desires to exjwess his great indebtedness to 
Mr. E. Fiander EteJjells for many valuabk* liints and assist- 
ance in the eorre(*tion of j)roofs, although Ik* does not sug- 
gest that all the views (‘xpress(*d in the book are shared 
by that gentk*man. He is furtlK‘r indebted to Mr. ]<]t(*hells 
for the eontrilajtioff of the Foreword oj) Standard Notation 
for Engineering Formuhe. The Author has als(/- to thank 
the Coner(i+e Institute for placing at his dis])osa' the* ik'W 
Standard Notatio^i approved in 'April, ^ 1920. 

This is^ the first book in the Enjjlish lG.nguage e;nbodying 
the improved notation, which almost auti|matieally imprints^ 
it^self*u])on the memory of the us(‘r, and jias been found by 
the Author to be convenient and satisfactory iii (‘very way. 
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STANDARD NOTATION 


FOREWORD 

ON 

STANDAiin Notation foti Enoinkektncj Formulae 

BY K. FTANDEK ET(T1FFFS. 


DESIDERATA 

The primary conventions of the ordinary inatliematical 
notation were establislied liefore Caxton introdneed the 
printing jiress whieli hears ids name. 

So long as e<juations were printed from loose ty})e set u}) 
by hand from many different founts it was generally jiossihle 
to imitate, more or less closely, the forms givc'ii in the 
manuscript original. 

The setting up of mathematical equations was, however, 
always regarded as special and diflieidt work for the eom- 
])ositor ; and the gcwi’al introduction of type-setting 
machines, such as the Liiiotyfie and Monotype, has made 
these dilfieulties mdre generally apparent. 

Sometimes the ordinary context is set uj) by machines, 
and the irderposed e<|uatious are set up by hand in small 
scfiarate metal fr^^mes or “ sticks.” 

In some instances the context may bc»set up by machines 
in Lomhm, and the equations may be uj) by hand by a 
compositor in Cambridge or elsewhere. 

Occasionally the setting up of equations from loose type 
is given up altogether on aeeouTit of the trouble and expense, 
and cither a lithographic or aai engraving ]^roeess is laiijtipted 
instead, 

xi 
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Litlu)f]fra^hic and cngravinjr procesys ^rc, JKjfvvcvcr, only 
suitable lor eoniplete sj^c'cts lilted wftii ecpiations. and,woulcl 
be impracticable fort the Varioi^ inatlieyialieal Cxpr(?ssioiA 
which occur incidentally and pruiniscuoifsly in the pagt‘s of 
tcchnicah books. 

f Some author^r employ Old (iolliie and other highly 
decorated letters, but although* th(‘s(* can be typed and 
printed, they are too eom|)^^ for raj)id work at the 
l)ra(J<board.*^ 

It is therefore desirable to mak(‘ such adjustments in the 
eurreut mathematical notation as Avill (‘unbh' niath(‘mn,tieal 
cxjwessions to be — 

(1) Avritten in /‘balk on the blackboard ; 

(2) written on the typewriter ; 

(3) set u}) in ty})e by maehiiuay 

in the same straightforAA^ard manner as an ordinary passage 
from a lU'Avspaj^er, and the mathematical exj)r(‘ssion Avluii 
written or printed should be capable of bc'ing n'ad and 
interpreted as easily as any other pk'ce of sim})Ie shorthand. 

The Standard Notation in which th(‘ writer has been 
iut (‘rested for the last tweuty-fiv(‘ yc'ars recognizes that — 

(1) The mathematical conventions of the Pre-Caxton 
period are not ahvays suitabk' for the Post-Linoly})e 
period. 

(2) No ncAv convention must be introduced if an existing 
or (jhissiealVonvention^can be found and strengllu'iied. 

(3) The notation must not be less logical, but pion* logical 
than the mHation fdiind in the (existing text-books. 

( t) Tly* symbol for the pure* numbers of Abstract Mathe- 
matics ma; 5 f bt* represented by the letters of the 
al|)habet arranged in order as at present, but the magni- 
tudes 'referred to in Applied Mathematics should t)e 
,repr(!sentcd by the inftial letters which remain after a 
process of elimination i< accordance' with ?•, few easily 
reivemb(‘red rules. 
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• T)RK;IN •of the CONFLIC ting gONVEIJfTKfNS 

Mori; thaa a tho*usan(f ycaft ^ndia, Arabia, Greece, 
Iftily aiiti S})ain each contrilj^itea their ^uota to the science 
of mathematics, an^ seVcral. divergent systems* of notation 
came into use iii the flifferent countries, and at cHfferent 
times. 

According to one system the juxtaposition of two symbols 
indicated addition.* This System survives in iAjjj prescgit 
method of setting out numbers, when' 2#3 mea/ff 20 plus, 3, 
and not 2 multiplied by 3. 

This principle is seen more clearly still in the Roman 
umnerals. For (‘xaiuple, XXIII means 10 -j- 10 f 1 -('1 
11 - 20 1 3. 

.Vcording to a second system, the juxtaposition of two 
symbols indicated multiplication. This system survives in 
our ordinary algebra where ah is used to indii^ate the product 
of a multi})! ied by h. 

According to a third system the juxta])osition of two 
symbols indicated some geometrical relationship. This 
system survives in our ordinary geometrical diagrams in 
which AB dcrioti'S tlii' terminal points of a line, and not A 
multiplied by B. 

Aceoi-ding to a, fourth system, the juxta})Osition of two 
letters denoti's tlie abbreviation of two words until nothing 
remains excej)i Ihi' two initial letters. This system survives 
when a binary symbol such as d1 is used to denote the 
“ diffia’cntial of the tinj^e,” and not d multi})lied by t. 

The continued iisagi' of these four divergent systems side 
by sidi' has led to thi? existence in modern text books of 
innumerable • ambiguities and ine4)nsisteneies. Thousands 
u}^on thousands ()f»examj)les could be •oiiotcil il it were 
profitable to do so. 

Uses of the Point 

In the now standard notation which seeks to climhiate some 
of the foregoing inconsistcneii's, three }3oints arc used, viz. — 

(1) The imint, wliich is usid as the decimal — 
flxam})le, 7*5 “ seven and five tenths. 



xiv l.EIKFOKCKD COKCKETE 

(2) Thf- middle jioint which is used as the sigi^df multiplica- 

tion' between two letters ,v^fiieh represent Jhe- two 
factors. Kx^,mj)lCi a‘b a multiplied by 6. ^ 

(3) The low point wliieh is used as’tho sign of abbreviation. 
^]xaniple, B.H.P. - Brake Horse Power, etc. 

We now propose to add a few remarks in respect of each 
of these })oints. 

(1) — The Decjmal Separatrix 

'As mathematics is pre-eminently cosmopolitan in its 
character, it is desirabk' that its symbols of operation and 
its ideographic symbols should also be cosmo})olitan and free 
from ambiguity. Indubitably th(‘ best symbol for the 
decimal separatrix is the high ])oint. 

The low point which is used by the Americans, often d(‘n()tes 
multiplication in England. Tlius 3.4 would mean thrc'c plus 
four tenths in America, l)ut in England it would mean 
three multi])lied by four. (Vide A Neiv AJ^ebra^ by l^arnard 
& Child, 1913 Edition, page 9.) In France, 8.001 would 
mean 8,000 plus 1. In America, 8.001 would mean 8 p us 
1/1000. 

The comma, which is used in France, Italy, and Germany 
as the decimal separatrix, is used in America and in England 
to divide the groups of thousands. Undoubt(‘dly the high 
])oint is the sign most free from ambiguity and therefore the 
most suitable for international use. It is rapidly coming 
into general use among British printers, and it is hoped that 
other nations will adopt it too. It is given as the Standard 
English decimal point in the classic treatise by Legros and 
Grant on Tt/po^raphical Printing Surfaces. It^jis not exactly 
novel in this country, for we notice that it was used twenty 
years ^ ago in ,^^tructural Iron and Steely by W. Noble 
Twelvetrees, ayd we ’have traced it m other books earlier 
than this. 

(2) — The Signs of Multiplication 

The middle point, which is used as the sign of multiplica- 
t}.bit between two literal symbols, such as a^lfov m^n should 
never i)c omitted. 
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Thu of mu]Jtif)lication betwt^en two nunu^rals >s an X 
and this sijjn is n£ve::i ijscd between two letter’s./ 

TJitis we* may say w — or^y, b^it n¥t zv ^ x x y. 

The sign ^ of iiiull[plica"^on betwee^x a minieral and a 
literal syjubol js simply the old device of jHxtaposilion so 
that means four tini(‘s I he giianfify which is di^^xOtc'd by 

The unftiiling use of the middle point ifs a sign of miilih- 
})lication betw{‘en^ literaJ symbols ha:> very great and far- 
reaehing advantages, foi^(‘xampl(‘ : it ()bviat(V^th(‘ ns^ of 
subscript letters ; eliminates th(‘ us(‘ of (‘xtra iTTimls of type ; 
puis less strain on fhr eyesight by avoiding the use of the 
small type zvhich is commonly used for subscripts ; and it 
enables binary or compound symbols to be set upon Linoty[)(‘ 
and Monotype machines withoul dillieulty. It alst> cheapens 
the cost of producing teehni(‘al books and involv(‘s no loss 
of clarity, and gives rise to no ambiguity. 

Subscript letters w('re introdiiei^d by Leibnitz (](> id- 17H)). 
They have always b(‘en a gr(‘a.t nuisance to the jirinter and 
yet witlioui them a suggestive notation seianed impossible. 

There is nothing really revolutionary in the use of the 
middle point as a sign of multijxlication for it is in common 
use in Anu'riean LngijuTring text-]>ooks. VVi* find it is in 
use in some (iermaii books. See Aaehener lliittiMi-Acticn 
Verein Projil Album, 1900, for exa.mple, where we find th(‘ 
eijuation 

Til = — [»•//=> 

./ j.j 

in which Ty is a binary symbol for one (piautitv, and where 
y is written on the line of printing and not as a subscript. 

As a matter of fact, the point, as a sign of multijilieation, 
goes back to it rianote antiquity. * Bhas.kara, a Hindoo 
mathematician, jvho was born »in iri t a.d., •Sometimes 
separated the two factors of a product Ify means of a pointy 
but he do(^s not ajxjiear to have been very })arti(!ular as to 
the exact position of the jxoint ; and it may have been that 
the point jt\4xich began its life historv as a sign of abbreviation, 
gradually acquired a new meankxg as aviign of multiplitatiini. 

i: (5139) 
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RElNFORCWi CONCRETE 
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^ (3) — The JSI(;n of Abbreviation 

According fto Husband, h\ very aiKjjcat Phoenifian inscrip- 
tions tlicrc was no spate Wdweeu the separate 'wordS, but 
on th(^ cclel)ratcd Moabite Stf.ne ascribed to the ninth 
century b.c., there is a clear separation of words by single 
dots, and of sentences by vertical strokes. At a later date 
Eatin inscriptions an* found with the words separated by a 
single dot. At a later date still it is found that the Latin 
inijtriptionf-^hieh deal with the ordinary facts and designa- 
tions of life, are generally exfwessed in conventionally 
abbreviated forms. The dot of word separation then 
bi'eonies merged into or identical with the dot of abbreviation. 

This principle survives in the Standard Notation in such 
forms as — 

II.L.F. ~ Highest Common Factor. 

O.M. — Overturning Moment. 

S.M. = Stability Moment, etc. 

This low point is, howevcT, always omitted from equations, 
altliough it is retained in the context in ac^cordanee with 
usual custom. Thus, in equations w(‘ have only to deal with 
the high })oint and the middk; point, and there can be no 
confusion with any points of punctuation or signs of 
abbreviation. 

DERIVATION OF SYMBOLS 

There are four distinct stages in tlu* derivation of a 
nuuanonic! literal symbol. In the first stage' we have the 
complete phrase which describes or defines thi' given 
magnitude^ 

This phrase is called the eom])lete symbol or the “ nhrasic ” 
symbol. 

In the second stagf the phrasie symbol* is curtailed until 
the only I’csidue is^the fkauinant or disti^iguishing word or 
words of the phrasf. The dominant or distinguishing words 
are called th® “ verbal ” symbol. 

In the third stage the verbal symbol is curtailed until the 
only jcsidue is the initial syllable; or syllables. The initial 
syllables are called tlie “ syllabic ” symbols. 
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In the fourth stage tiie syiiarnc symnois aretcurtailea 
jntil thj only, residues is tAc inilnal letter or letters^ 

• ORDER-OF QUANTITIES 
The quantities *n an expression should lx? sorted owt into 
lifferent kinds and arranged in the rollowiiig^ordcr— 

(1) Constants. 

(2) Forces. 

(3) Spaces. 

(4) Times. 

(5) Trigononu?trieal and other Fuiietioiis. 

This order happens to he alphabetical if the English terms 
ire jised, but the order is really an internafeional tradition 
:)!' convention, and it would not be altered if these quantities 
were described by oth(‘r terjiis, in English or in any other 
language. 

Following this order in greater detail, we would obtain 
th(i following results. Quantiti(‘s of higluM* onki's would be 
[)laecd first, so that if we had spatial quantitit's to deal with 
Ihey would fall into the following order — 

(1) Volumes. 

(2) Areas. 

(3) Lengths. 

If we had a series of lengths they would be placed in 
til|)habetical order, in the national language employed in tlx^ 
eontext, for exam])le in English we have — 

Example I, 

(1) altitude. 

(2) brffadth. 

Example 11. 

(1) breadth. 

(2) depth. 

Example HI. 

•(1) breadth. 

(2) height. 



xvi’i IJEINI-'ORCEI) conchetj: 

Eivaniplr l V. .4 .. 

Lc't IwndJe^U nionicnt 011 a crrUiiu iK-aiu. 

W WcioJii to »)c cayicd. 

I - FJT(ctiv(‘ Icti^lh. ,, 

, li - 

N()t(‘ that w('io‘lit is a force, while l(‘iii:>’tli is a spatial 
(liiiK'iisif'ji, and so \\v hav(‘ the f.n-m If ’/ and not /-fV. 

.For tlu**'\aine naison we should speak id' toiisdeet or 
j)ouuds-inelK*s, rather lhaii to write th(' (|naiititi(‘s in oii(‘ 
ord(‘r, and then sju-ak of tluMii in tlu' revc'rsc* onl(*r as is so 
often done. 

Ejcaniplc W 

F(‘l P total pressure in pounds on each liiu*al 
toot of a retainino' wall (not surehaj’gc'd). 

// l/eiphi of the wall in ie(d. 

0 -- ani»‘k‘ of r(‘pos(‘ of th(‘ inatc'rial ni(‘asnred 
from the horizontal ])lan(‘. 
re Kei<fltl of tlu* material retained in jionnds 
per enhie fool. 

re-//- 1 sinO 

2 I I sinO 

Note that tlu'se (piantities are arranged in the' oreler 

(1) Force. 

(2) Spatial dimensions. 

(3) Trigonometrical (‘xpressions. 

R 1 .AT I F ( ; H EAT F RNESS 

‘ % 

Thk staVidard notation takes advantage of the dillereiiees 
ludween the h«,ver ease lettea’s and tlKi capitals. The lesser 
h'tters (e/, I), r, e/, (de.), in<lieat(‘ relative' Icsse'rness' such as 
lineal elimensious, anel Idrea's eni enu' unit e)f area, whilst the 
prenter le'tters (J. E. (\ it ete*.) indie*ate relative' girateriUNSS, 
as force's ^^e)!! tlie t^tal area, anel piifducts ed line'al 
elinieasie)ns, such as moments, areas and volume's. 
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LOWEH H ASi;'LV/tTKHS J\ kpi{eSknti>8[; 
ORDINAL KUMI^EES 

At one* stag!? of nisioi-y uio iii-sl numerals were 

represented by rtie Gre 4 ‘k ‘‘lower ease” letters* a, etc*., 
together with three strange* lett(‘rs from soiiie earlier or alien 
alphabet. Twenty-seven letters w(*re thus available*. 

The first greapf eif nii^e letters re‘pre‘scnte‘e] Ihe eligits 
1 te) t). 

The se'eonel group of nine le'tlers repre*se*nte‘el the* te*ns 
fremi 10 to 00. 

The third group of nine* le-ileTs re‘])re‘senteel the hunelreels 
fremi 100 to 000. 

/\rte‘r Ihe* (iree k system e)!’ nume rals, the re* ip’ose* the* Roman 
syste*m, but this in its turn gave* way te) the* Ilinelu-Aiabie 
system. 

After tile lapse* of more* Iban 2,000 ye*ars, the* intreieiuet ie>n 
of the* typewrite*!’ anel tlie* Line)type* e*oniposing machine* has 
lee! to a ])artial return to the (ire*e*k system e f using letters 
to re*])re*se*nt speeifie anel j)artieular numbers. 

Thus, siip])ose we* have* te) ele*al with a se'ries of epiantitie’s, 
a first epiantity, a se*e_*onel ejuantity, a third epiantity anel se) 
on. These* could be* re‘pre‘se*nte e! ))y q ^ q , e'te*., l)ut these* 
inferie)!’ e)r subse‘ri])t numerals woulel're'epiire* a spe'cial fount eif 
type on the lanotyjie*. Anel on tiv* type-writer it Avoiilel be* 
ne*ee*ssarv Ibi' the* typist to pause* and turn the* ie>ller uj) ie)r 
half a space*, type the num(*ral, pause* again, turn the* re)lle'r 
elown half a sjiaee*, anel then resume typing on the* line* e)f 
the eonte’xt. All this is a waste* of time* anel nioneV. 

A bette*r hiethod woulel be* to i;e*])re*se*nt these* epiantitie's 
by Qa, Qb, Qc, e*tc..*whie*h ee)ulel be* written e)n the* typewriter 
with facility, and can be se*t uj) e)n the* Lim)type'* witVe)ut tlie 
use of a set of inferte)!* or subscript numer.'fls. 

The simple*!’ medheiel is the’re*fe)re aeie)])te*el in the Stanelarel 
Ne)tatie)n, anel it is renelere'el pe)ssible by the use e)f the middle 
point as a sign of multiplicatie)n. 

Thys tlie prexhie-t e)f tlie* epian?ities weiul^l be re*prese*ntefl by 
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TYPEWRITER KIj-YBOYRDS 

Then' is no diflieulty nti u(}ding the high point and the 
middle point to the typewriter keyboard, in J)hice of two of 
the rar/'ly used symbols, which are U be found at the extreme 
^ right hahd of the ordinary eomrnereial machines. 

As a matter of fact tlie Remington Typewriter ('ompany 
supply a special Mathematical y board*, which was designed 
Originally the Concrete Institute by the present writer. 
It embodies all the letters of the Standard k(‘y board in their 
standard order, ))ut it also contains some additional mathe- 
mati(‘al signs, inehiding the high point for the decimal 
separatrix and the middh' point for the sign of multiplication 
betw(‘en literal' symbols. j 

The order of the new signs was arranged in collaboration 
with the R(‘mington Company in such a manner as to reduce 
the cost of the change to a minimum by using pairs of 
charact(‘rs already standardized by that company. 

THE SUPERIOR DASH 

The superior dash, /.e., a dash above and to the right of 
a letter is a mnemonic device to indicate some dimension 
which is above, or to the right of some other corresponding 
dimension. Thus, if a is an arm measured below some axis, 
then a is a corresponding arm measured above the same axis. 

If b is a breadth measured to the left of some axis, then />' 
would represent a breadth to the right of that axis. 

The niinute mark can be used as a suf)crior dash. 

In type written work the sign which is used after a numeral 
to indicate that the dimension is in feet could be used after 
a literal symbol [or the purpose described above. 

STANDARD RATIOS 

In the various branches of Engineering it is frequently 
possible to use some particular dimension as a unit of 
mo/isfirement. Fqr (ixanjpl^^, the depth of a l)eam npay be 
treated <is a unit : then tlic Jength and breadth of the beam 
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and §l11 its .other fincai iiimensioAs njay be expressed in terms 
of tlie effective depth. 

Suppose ‘these** liiteal dimensions were ];epresentcd by 
a, bf dy Cy ly Mj^ctc?., uihcre d rej)resented the effcctwc depth, 
it might Jic (!onvcnicnt to use the ratios/ rt/r/, Ijjdy ejdy 
n/dy etc. 

Notice that in tliese ra’Wos, th(‘ antecedents a^c^^r, by c, ly n, 
etc., but the consecjiumt in every ease is d. 

In tJie standard notation, where we have a series of ratios 
having a conse(|U(‘nt which is common to them all, we use 
a special form of dash, so that 

tti — a Id 

h, ^ -hld 

-- c/d 
L -^l/d 

7i\ -- nidy etc. 

The j)raetical advantages of this device are best discovered 
by aetual trial. 

The general idea of a series of standard ratios is very old, 
but the credit (or the blame) for the introduction of a sloping 
dash on or through th(‘ line to denote thes(‘ standard ratios 
would a})p(‘ar to li(‘ with the present writcT. 

The contra-italie slope of the dash was suggested by 
Mr, L. A. Legros, M.Inst.C.E., one of the greatest living 
authorities on typ(]grap Ideal printing surfaces. 

The advantage of the contra-italie slope is that it 
eliminates the risk of confusion with the comma or the 
inferior nftmber one. The contj’a-italic dash was adopted 
by the Concrete^ Institute on the’ 14th April, 1920, after 
Mr. Twclvetrccs’ book was completed, “s and’ the’ sub-dash 
employed in his pages must be regarded having identically 
the same significance as the contra-italie dash referred to 
above. 

OTIIEI^ RULES 

"fhere are other rules which lcS,d up to the standardizaticfn 
of the symbols and their arrangement in a definite order in 
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formulae. These^ rules will be foulut' iif the Report on 
Standard Notation fo^' EngWleriii^ Formulae, by the S(;ienceo 
Fommitte(‘ of the Concrete Institute fLoiw'lon). ‘ 

In thifj ioreword we havi; dealt w;th eeriain additional 
fe^atures ai\d syiybols, w'hieh have* been adopted by the 
(V)nerete Institute', subsequent to the publieation of the 
Rej)ort refeixcd to above. 

A*t this sia»,i e wc shouhl like to re'cord our md(d>tedn(‘ss to 
Prof. yVdams, M.Inst.C^F., wlio for more than twelve years 
has approv('d of the efforts of the firesent writer to find a 
})raetieal means of abolishiufy th(‘ objectionable subscript 
l(‘tt(Ts Avith the least disturbanee of tlu' medieval conventions 
of pure' mathematie's. , 

It woulel, he)\vever, be teiei Iouq' a task te) jiarlie'ularize em 
all these' points, for many critical friends and fric'uelly critics 
have, in eaie' Avay or another, ee>ntribute'd their epiota, te) tliat 
system of mathe'inalical shorthand whieli is kiieiwn as ‘‘ The 
S tai ulare 1 N otat ion. ’ ’ 

(ONCdATSION 

In eeiiH'lusie)]!, it is of interest te) neite' that this be)e)k, by 
VV. Ne)ble Twe'Ivetrees, Avhieh in its earlie'r ])ao'es ejuote's some' 
of the historical fundamental e'quations in tlu'ir original 
aeeielental ne)tatie)n is, at the same? time, the first boeik in 
the* English language which contains a mnc'me)nic notation 
Avitbe)ut the use of subscripts. This, however, is not the 
boeik’s only claim to distinctiejn, for it ])re)bably contains 
a more eeaiijiletc' s(?t of formula' for the resistance meimcnts 
of Auirie)us types e)f reinforced ce)nerete beams tthan any 
boe)k hillu'rto j)ublislY:‘d *in this ceiuntry. 



STANDARD NOTATION 

or 

THE CONCRETE INSTITUTE 

Kor calculations in respect of Reinforced Concrete and other 
iiranehes of Structural Kngineerinjv, including the syinhols 
),])proved on the 1 Uh A])ril, 1920. 


Acpticaiulitv TO Various Systems of Aitjerka. 

Th(‘ Standard Notation is ap])licuble to — 

(1) th(' jnire algebra of abstract numbers; 

(2) the ordinary appli(‘d algebra of cardinal numbers ; 

(»‘3) rna^iiitudie algebra ; /.e., tlic' aliijcbra of ma.^nitudes, 
ind not of numbers only.(^) 


Note as to Units. 

Tiie Standard Notation is independent of the sysl(‘m of 
units emjdoyed, but the description of the unit should be 
added to the definition of each symbol. 

The list of symbols must be considered as bein^>’ incvnnplete 
until the user has specified the units proposc'd for adoption 
in e\Try ease. h'iXe(;pt where otherwise seated, each symbol 
r('prcsents a rc'al magnitude, ?‘.e., the })roduct (nun^a’ic X 
unit). ■* 

This method affords great help in working out engineering 
forinuhe, and is of great assistance to those wKo have to 
c'heck the numerical results. 

(’) A work on Mafxnitudir Alj^obra is in*rourso o*f preparation. 
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In general 
In general 

In general 
In K.(\ beams 
In K.(\ siruis 
In Tl.C. pillars 

t 

In general 
In K.(\ b(‘ams 

In 1{.(\ pillars 

In K.(\ beams 

In II. C. beams 


In general 
In Reinf. Con. 
In general 
In general 
In H.C. pillai-; 

In genwal 
In Keinf. (kui. 
In II.(^ pillars 


A 

A, . 

Aa, Ah 
A(\ et c. 

A 

A 

A 

Ah 

Ah 

Ah 

Ac 

Ad 


Ac 

Ac 

Au 

Ai 

At 


All 

Ak 

Ap 


PART I 

AjJlUlKVIATlONS 

area, total urea. 

-- areal ratio -- a ratio IxT-ween two areas as 
fti5)eeilied by t}u‘ iistT. » » ^ 

_ ^a serit‘s of areas whieh ’ ave no speeific 
J names, but. are indieated on some 
( diagram. 

eross .seetional area f>f tension reinforee- 
imuit. 

-- effeetivti area which must lx* fully and 
cleaily defined by the us(*r. 

-- effective am/ which must b(* fully and 
(dearly detim'd by th^ user. 

-- cross sectional area of om* har. 

- cross S(‘ct.ional area of beam which must lx? 

fidJy and cl(‘arly defiried by the user, 

- cross sectiormi area of one har of the 

binding. 

- (‘i*oss sectional area of compression rein- 

forcem(*nt.. 

-- cross sectional area of diagonal web mem- 
bers in a specified lengt h of a beam which 
must b(‘ fully and clearly defined by tlie 
us(*r. Also see Av and Au\ d’ho symbol 
Ad is only to be usc*.d when it. is n(‘cessary 
t;0 discriminate betw(‘en Ad and Av. 
Note.- Aw is for general us(‘ f(jr area of 
weh reinforcement. 

- area equivalent t.o some given area, or area 

of an equivalcfit section, or equwalenl area. 
--- equivalent area — area of concrete m 
times area of reinforcement . 
gross area which must- be fully and (dearly 
defined by the user. Also see An. 

- inner area, whi( h must be fully and clearly 

defined by the user. 

- inner areur ■=>• cross sectional area measured 

inside the binding. Ai is only to be used 
by those who regai^ the area oijitsido the 
binding as njjart (Ti the effeci-ive area. 
Also see A and Ap.^ 

-- net area which must be fully and clearly 
defined by the user. Also see Ag. 

- net area of the concrete in a section, i.c., area 

exclusive* of the area of reinforcement. 

- cross secdional area of a pillar measured 
fi*om (Outside to outside. Ap is V.m|y to 
be used by those who regard tlie area’ 
inside, the. binding as the effective area. 
Also see A and A i, 
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In general , yls — mvprrfinal area. <Tn rtnind brfrs ^8 — 7T*d*l • 
, 111 the' (;aK(‘ o* pibis, scpiare in seetjou and 

^ iv ‘square sections generally, vis — 
where A ~ dianK'tei*. * 

In U.(\ struts ,4s cross sectional dm/ '.if stcrl below or to the 

left of the cenj-roidal axis. 

In U.(\ str\:ls As' ~ cross sectional area of sievl above or to the 

y ' rujJii of th(‘ centroidal axis^ 

In K.C. beams ylr ci*oss sectional area or vertical web members 

in a sjiecitied U*ng^h of a beam, as defined 
j ^ * by the us^r. Also see Ad and Aw. 

^ ^ Nf)Tii:. — Aw is for general use for area, of 

leeh reinforcemeiit . 

In lt.('. pillars 4r cross sectional am/ of vertical remiorcemeui 

in a. pillar. (Also used for area of longi- 
t udinal reinf(U*c(‘ment in struts and other 
c()mpr(‘ssion m<*mbers placcsl horizontally 
or at any angk‘.) 

In R.(\ b(‘ams 4?/- — cross s(‘ctional area of v'eh r<*iiifor(M‘m(‘nt- in 

a giv(iri length of beam, as defin<*d by,ni(‘ 
user. Also s(M‘ 4f/ and Ac. whi(‘h can be 
list'd if discrimination is necessary. 

In lt.(\ bt'ams a — arm of Hit' resistance moment, or It'vt'i- arm. 

measuri'tl betwet'n ctuitre of tension 
reinfort'ement and centre of compressivt' 
forct' in concrete. 

In K.(’. beams a, = arm ratio -- ajd!. 

In U.(’. b(‘ams ac — arm of tlu* compression reinforct'int'nt 

measured from tht* centre of tt'Usion 
reinforcement, to centre of compression 
reinforcementu (Also conqiart* with at.) 

In K.(\ beams ac, — rat io of ac to d. 

In R.(’. struts ac — arm of tht; e.rlreme fibres below or to Iht* 

left of the centroidal axis measured from 
(•(‘iitroid of the cross st'ction. 

A’ote.— a is for geiit'ral use in beams but 
the symbols ac, ac', as. a.s', t'l.c., are 
special symbols for limilt'd use in con- 
nection with reinfori'ed concrett* struts 
and otlu‘r members which act partly as 
pillars and partl> as bt'ams. 

In H.(l. struts //c' — arm of extreme fibrt's above or to the right 

of the centroidal axis. 

In R.(\ struts (ts — - arm of steel below or to t.fte left of thc‘ 

, ‘ centroidal axis. ^ 

In R.C’. st/ruts, as' - arm of steel above or to the right of the 

• , centroidal axis. 

In R.(\ beams at % arm oi tension Tcmf^fi’CL'Hivni measured from, 

the neutral axis. Also sei; ac ii Reinf. 
, (hn. beam. 

In general y. -- scr ipt alpha — an angle as specified by the user. 

In beams Ji - bending irioment- of the external loads and 

reactions. 

In yillArs Ii - hcndiik/ momtmt due to ecceAt ricit y of load. 

Jia Bb ( “I" bending momimts at. consf-cutive 

In general Be' o\c ~ sections when indicated on some 

’ ' ( diagram. 
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\1 


Jn beams ' 

, Be 

1 

^n geujLdal 

B 

~ 

In general 


--- 

In beams i 

Bs 



In beams 

Bs 


In Ixams 

Bx 


In geii(‘ral 
hi geiuM’al 

b 

bo 


In beams 

b 


In geiK'ral 

It» H.t'. Ix'anis 

bn 

hr 


in g('neral 

f)S 


In general 

C 


In g(>n(‘ral 

(Ut. 

('b, 

(\ 


In general 

tv 

( 


In lleitd’. ('o!i. 

(' 


In general 

(Hi 


In Keird“. ('on. 
In K.('. beams 

Cs 

e 


In ll.(’. pillars 

c 


In U.r. struts 

e 


In lleijif. ('on. 

f'l 

- 




In geometry 

e 


In geiu'ral 

ea, 

ee, 

eb, 

etc. 

In general 

ee 



hendiny moment at'th(‘ ccnlr(,'ot ttie ypan. 
{Be is only used when B is yot siifiiciently 
explicit, j 

bendimj nli>fnent o^ the forct*s to the left of 
a se(;tion. (If and \vh(‘T) nec(*ssary.) 
bending moment of the I’cyees to the right 
of a section. (If and when necessary.) 
Notk.—B B'. 

bending moment ;it tie, anpportit of a. 
heam. {Bs is (nily used when B is not 
snlVicient l y ex])li<‘it. ) 

N^*>TE. —Be for bending momn^ at Ihe/’/n/ 
of a fi\(>d beam is not '• st'd becaiis(‘' /ic 
is more likely to be confused with Be 
than Bs would be. 

bending nunnent over th<‘ supports of a 
contimious beam. (See Ba, Bb, etc.) 
bending moment at .r. {Bx is only used 
when B is not sulTicient ly explicit.) 
breadth, 

breadth orer alt. (Only iVsed wh(‘n b and B 
ar<‘ already in use in the same (‘quat/ion.) 
breadth of a r(*cl angular beam or breadth of 
a- l(‘»‘ b<‘jmi, nu'asured across the com- 
])resse(l (slge. 

net breadth as d(*(ine<l by the' usei’. 
breadth uf 1 ht‘ rib of a tet‘ bt'am. 
buekling stress. 

a eansbint or eoeffieienl as deilned by the 
user. 

( a s<‘ries of eonst((nis arrangcul in order, and 
\ (h‘scri]»ed in the context. 

1 a series «)f (‘ansl((nts. 

j Note. —that’ ('a. Cb, ('e. etc., should be 
'( us<‘(l, and will be more easily typed 

I than ('|, f';,. 

total eatnpression on tlu* c^)nc^‘ete (when 
specially stat<‘d by the ust'r). 
the eentre of gravity (a point not a. dimen- 
sion). 

total emnpression in the steel. 
intensity of eompressive stress in the 
coneretc at the compressed"' edge of the 
b(*am. 

; intensity o^ direct eompressiee stre.ss in the 
eoncreti*. ’ 9 

intensit y of direct annpres^ive s^ess in the 
concrete, n ^ * 

: e/i the r.atio of impressive st-res.s txj 
tensile stress. 

- eentroidal distance, i.e.. the,distance of the 
cent-nud of an area from some given axis 
( a series'^of eentroidal distances which have 
no spi'cilic names, but ari' indicated on 
{ soine <liagrani. ‘ 

eirenrnferedee. (Tlii^ is in place of the tormer 
symbol for periphery.) 
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In ^eni*al ^ 
In > 

In Ilt'inf. (V)n'. 


In 

In Hoinf. ('on. 
In Koinf. ('on. 


In general 


In pillars 

In pillars 
Iji !{.('. stnils 

In jxonoral 
In 11 .(\ l)(!ams 


In circular f 
stic.tions { 

In pillars 

In Il.('. beams 
In U.(!. i)illars 

In p'Ticral 
In ll.('. pillars 

Jn {.jciujral 
In general 
In K.(.'. pillars 

In i;cncral 
In st*ia*ral 
In general » 

In general 


In general 
In general 
In general , 
In i)illars 


In pillars 
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cf 

ci 

ri 


nn 

c« 

Cll 


D 


J) 

Ih 

D 

d 

d 


d 


~ cVi. ft. — (’uhic fedv . , 

— ni. in. — mdne inches . 

^ — intensity of co.npre^mvc stress in the eon- 
' erq^e, at the inierseclion of tlie slab an^ 

' the rib fn tee beams, when so defined by 
the user. (lT';;jd jp placd of m which is 
now appro})riated for \[Uimate compressive 
stress. ) 

— intensity of ihcnii compressive stress. 

— int(*nsity of the compressive stress in t^he steel. 
intensity of ultimate rmshiut/ resistance of 

plain conprote ot* ‘ intensity of ultimate 
compressive stress in concrete. 

-- depth greater than rf, as defined by tln^ us<ir. 
(Only used when nec-essary to discriminate 
from d.) 

— diameter greattu' than d, as defined by the 

user. 

-- J)ici ratio of 1) t.o d. 

-- diameter gi*(‘ater than d, as defined by the 
user. 

— depth. 

— (‘ffective depth of a b(‘ani, measurt'd from 

the coin]>r(‘ssed edg(‘ to the centre of the 
tension reinforcement-. 

— diameter. 


d 

db 

dh 

dc 

dc 

di 

dn — 

dv 

Ax ^ 

ill 

dx 

E 


Ec • = 
Es % - 

e — 


Ci 


diumeter generally ; U'ast diameter of a 
pillar wluMi so (ielined by the user. 
diameter of a bar. 

diayjicter of out' bar of the binding or lateral 
reinforcement-. 

distance between arjy t wo centres, 
distance b(‘tween th(‘ codres of tin* vertical 
bars inctusured normal to the neutral axis. 
diameter of an inner ari*a. 
deflect ion. 

dianu’ier of the bars of the vertical rein- 
forceimuit. 
differential of x. 
differential of y. 

limit of the ratio ^xlA,y. 

elastic modulus of any materi il : Young’s 
eta Stic modulus. Note, E will be in 
units of (Force /Aral.) Usually in tons/ 
sq. in. or iJounds/sq. in. 
eiastie modulus of eo^ierete. 
elastic modulus cf steed, 
etonyation. 

eeeenir icily of the load measured from the 
centre of tlie pillar to the point of 
apiili cation of the load. 
cceeniri^iiy ratio = e/d — rat^o of e to the 
diameter of tJie pillar measured i|i the 
direction of e. 
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111* gijucral fic 

In pillars 
]n general’ es 

In general F 

In liicehavics F 

In beams F 

In pillars F 

In gent*ral 7 *'«, Fb^ 

Fv, etc. 

In jullars / 

Jn biiams / 

o 

In beams J\ 

In ll.(\ struts fc 

In U,(\ struts fc' 

In general fs 
In struts fs 

In It.C^ struts, fs' 

In beams fu 

In geii(‘ral <p 

In general (ph 

Jn general 
In general (i 
In Il.O. beams Ir 

In general (in, (ib, 
(ic^ etc. 

Ill Il.O. bpams Ge 


== hlastw limit of concrete.^ 

^ end fMy factor. 

— entCic limit of ^tccl. 

— force : total JJorce,' etc. ^ 

— friction total Trjcb'wf, wIkto so defiiu^d by 

,tilie user. 

= total flexural force when it is not. desired to 
X iiscriminate between C and T. 

Example : B - E Fui ^ind F C =- T. 
F — total flamje load total load on 
the flangcH of steel girders. 

^ a form factor — a factor for form of cross 
section in (Jordon’s formula. A\so set^ /i » 
(in pillars). *' 

I a series of forces which have Jio specific 

— -j names but. are indicated on some 
( diagi'am. 

— a form factor which will vary a<‘cording to 

wlu‘th<‘r the binding is (‘urvilinear, or 
rectilinear, etc. 

-T intensit y of flexural st.ress — ext reme fibre 
stress, i.c., stress at the ext reme fibre of 
any member iind(‘r t.ransv<‘rse load. 

/ (subscript, one) -- flexural st ress at. one 
inch fixnii the lunit-ral axis. 

— int/(‘nsit.y of flexural stress at the extreme 

edge of tlie concrete below or to the left 
of the <*entroidal axis. 

— - int.(‘iisity of flexural stress at. the extremts 
edg(‘ of the concrete above or to the riglit 
of (he centroidal axis. 

-- factor of safety, (’ompaix* wit h sf — sq\iare 
feet. 


intensity of the flexural strt‘ss in the steel 
b<‘low or to t.h<‘ left of the cent.roidal axis. 
-- intensity of the flexural stress in t.h(* steel 
above or t.o the right of t.h(‘ centroidal axis. 

— intensity of the ultimate flexural stress 

ultimate “ fibre ” stress — modulus of 
rupture. 

— phi — friction modulus. 

^OTE. — This letter can be typed by striking 
the solidus over a capital O. $ 

— friction modulus for kineiie, friction (when 

necessary to discriminate frt)iii (ps. 

— friction modulu.s for static friction (when 

nec(‘.s.sary to discriminate from ipk. 


geometrical moment, i.e., (he fiM. m..'tm‘nt 


of an area about some specified axis. 

- geometrical mom«*nt or firsi moment of the 
concret;e compression area about the 


neutral axis. 


a series of get^ieArical moments which have 
— T no si>ecitic names, but are indicated on 
some diaj:ram. , 

= geometrical monyuit of an equivalent area as 
defined by the user. 
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Ingfenerfil g ^ 
\ 

In dynamics g 


‘ In siat i^.s ^ g 

In ])iUars *“ g 

1ti R.(!. beams g 

In general gh 

In general gc 

In general ge 

In general gg 

In general gl 

In general gw 


In general gx 

In genniral gg 

In general gz 

In general y ' 

In ^nerar if 

In general 
Occasionally h 

In piles h 

fmgeneral 1 

* W 

In beiims Ib 


gravity coeflfiAient ~ 32*lj ft. /sec.* = gra/vi- 
tational acceleration. ^ 

— gravity co^mcieilD = 32'2 ft. /sec.®— gravi- 

‘ Jati(mal acceleration. • * 

‘iNoTE.\i— In problems dealing wiUirevof/ing 
flywheels ,aiid other revolving masses, g 
would be iise(f for^the gravity coefficient 
and gc wf iild be used for the gyration 
radius about a central axis or gx for the 
gyration radius aboub the axis XX^ 
R and r would be used for a greater and 
a lesser rudiuak respectively. 

— generic radius — gyration radius. ‘ 

— gyration radius where so defined by the 

user. In all other cases us(‘ gh, go, ge, gr, 
gx, gy, gz, etc., to avoid confusion with 
g — gravity coefficient. 

— intesnsity of grip stress between concrete 

and steel where so defined by the user. 
In all other castis use gs to avoid confusion 
with g — gravity coefficient . 

= gyration radius about a basal axis, an 
axis passing t hrough the base of the area. 

— gyration radius about a central axis. 

= gyration radius about an external axis, i.e, 
an axis (‘xternal t o the area. 

= greatest gyration radius. Only used when 
discrimination is nect'ssary. Also see gz. 

— least gyration radius. Only UH(*d when dis- 

crimination is nec(‘ssary. Also see gw. 

' Note. — g will gctu'rally suffice. 

— gyration radius about the axis IT'ir, where 

W\V, XX, YY, ZZ, denote various axes 
passing tlirough tli(‘ centroid of tin* section 
at varifniH angles. In sections which are 
not syminetri<‘al about the. rectangvdar 
axes XX and the gyration radius 
about th<‘ axis 11' H' should denobi the 
least value while gz should denote tin* 
greatest value. 

w gyration radius about- the axis A'-Y ; i.e., 
the horizontal axis. 

— gyration radius about the axis YY, i.e., the 

vertical axis. 

1 = gyration ratlins about the axis ZZ. See 
‘ ‘ note against gw. 

= gamma, = specifi® gravity. 

~ iieight greater than h — total height when 
‘ ii is the heigl^t- to centre of pressure. 

= height generally. 

= height to centre of ])ressure whAi so defined 
by the user. 

= ^cight of fall of ram. {h will be in the same 
units as « in piles.) 

ir^^t moment inertia jnoment of an area 
. in {S(p inches X ins.'-) or incly/s'^. 

— inert moment or inertia moment of a beam. 
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In statica Ih 

In Reinf. Con. Ic 
In statics Ic 


m=z inert moment or inertia mome«t about a 
axis when so defined the user. 
^XAMFLE.^Tlm ip^tia moment of a 
rectangle*uj)out atf axis passing through 
its ^ase = 16=? 6‘/i*/3 where b — 

• •breadth and h = height, 

— inert moment or inertia monSent of concrete 

• only. • 

— inert moment or inertia ^moment about a 

central axis when necessary to discrimi- 
nate and when so specified by the 


In B.C. pillars 

le 

- 

user. • 

inert moment or inertia momAt of 
cqwivalent area. 

In statit'-s 

le 


inert moment or inertia moment about an 
extemat axis, when necessary to dis- 
criminate and when so specified by the 
user. 

In pillars 

Ip 

= 

inert moment or inertia moment of a pillars 

In Reinf. Con. 

Is 


inert moment or inertia moment of steel only. 

In ganeral 

Ix 

= 

inert moment or inertia •moment on axi. 
XX, i.e., the horizontal axis. 

In general 

ly 

— 

inert moment or inertia moment on axis 
Y F, i.c., the vertical axis. 

In general 

i 

= 

inset = distance from an outer edge 
some pomt specified by the user. 

In R.C. beams 

i 


inset of reinforcement from the bot.t<om or 
top of a member as specified by the user. 

In R.C. struts 

i 


inset of reinforcement from the bot^tom or 
the left of a member. 

In R.C. stmts 

i' 


inset of reinforcement from the top or from 
the rif/Zit of a member. 

Notk. — If i is iHjquired to denot^j increased 
stress then ir and ir' would be used to 
denote the insets of reinforcement. 

Tti gi^neral 

i\ 


inset ratio — i/rf, or ijD where si>ecificd by 
the user. 

In R.C. i)illars 

i 


increased stress pormissibhi by r(*ason of 
the provision of specified percentages of 
binding. 

In pillars 

K 

== 

■toefficient for Mnd of material, in Gordon’s 
& Rankine’s formula;. Also see F. 

In general 

K 


kappa = compressit'c strain. Alwo see k 
and T. 

In general 

L 


length gi*eat^r*than 1. 

OccasioTJally 

L 

=== 

length in feet (whbn specially st,ated by the 
user). 

In piles 

L 


total length = 1 ,+ la. 

In general 

1 

4;=: 

length. 

In beam* 

1 

— 

effective length, i.e., lengi-n netween centres 
of bearings. 

In piles 

1 

= 

length of pile below the grounif in the same 
units as »and h. 

In pillars 

1 

= 

lerujth between centres of lateral supports. 

In pillars 

• 

C— (5139) 



l/d — ratitf of lerufth to least diameter a 
pillar, i.c., the slenderness of a pillar in 
terms o^ least diameter. 
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1 / 5) *» • 

< . (a series of lengihi which J.ave no special 

In generak /a, to, _ . names luit; arfj indicated t)n some 

' , ('•diiwrivm/ 

In piles la ' — of pile above the ground. ^ 

In beams le -= length ol clear span. ^ 

In pillars , I /g ratio of length to gyration radius = slender- 

ness of a pi\lar in t^rms of the gyration 
radius. 

In pillars h — virtnal length. , 

In general A lambda = longitudinal strain which may be 

either tensile or^. compressive. Also see 
K and T. 

Note. — (Lambda) is occasionally used to 
represent length increment or decrement 
dut‘ to tensile or compressive stress, but 
this quantity would be more properly 
reprt^stmted by Az, since it is the 
differential of the length. 

In dynamics M - momentum ~ (H7f/h’ — 

In statics M ^ modulus generally, including modulus of an 

^ area, modulus of a section, modulus ol a 

beam or pillar (in square inches x 
indies), i.c., in inches.®. 

Notk. — M = J In. 

In R(‘inf. (-on. M ^ modulus of a section in terms of tlie arm of 
the extr(‘me fibre below or to tlie left of 
the centroidal axis = Jelae when* ae = 
arm of the extreme fibre b(*low or to the 
left of the centroidal axis. 

In lleird. (-on. M' ^ modulus of a section in tonus of the arm of 
the extreme fibres above or to the right 
of the centroidal axis. 

Note. —M' — le/ae' where ae — arm of the 
ejctrerne tibre above or to tht; right of the 
l entroidal axis. 

In lleiiif. Con. Me modulus of the area in compression — 

modulus of a beam in t(‘rms of the 
compressed area. 

In Keinf. Con. Ms moduhis of a section in terms of the arm 

of the steel below or, to the left of the 
centroidal axis. 

Note. — Ms — Jejas. 

In llcinf.y^on. Ms' ■-=- modulus of a section in terms of the arm of 
the steel alm'e or to tli^* right of the 
, ‘centroidal axis. 

{ Note.— Ms' — lefat'. 

In ReiRf. Con. Ml — modulus of the area in tension = modulus of 
' the area of tensilf reinforiTment — Aui. 
In general Af* = modulus of a section about the axis XA. 

In general My — moiMws of a section about the axfs F F. 

In Keinf. Con. m ^ modular ratio = EsjEc = modular ratio for 
steel and concrete. 

In dynamics m = mads -= W/g — inertia (dynamical). 

In general N =- a numerical coellicient, or ^ number. 

_ ‘ , i,r ATI (a scTi(^s of numerical coemcients iVa, JV6, 

, In general No, fV6,_ | more easily typed than Wi, Ntt 
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3^X111 


In general 

Nh 

In general 

Nd 

In geneilil 

^ • 

* n 


• 

In beams 

n . 

In beams 

• 7m 

In beams 

fib 

In beams 

HC 

In beams 

ni 

In general 

rix 

In ll*ams 

7l' 


In beams 

n' 

In general 

P 

In pillars 

P 

Occasionally 

P 

In silos 

PI 


In lU'iiiL (^on. Pc 
In general Ph 

in geru^ral Pn 

In pillars Ps 


In Ueinf. Con. Ps 


In silos Ps 

In general Pi 

In general Pv 

(Jenerally y 


Occasionally y 
In li.O. pillars 

In K.(5. pillars p, 


In silos yb 

In Rcinf.^Con. yc 

In general yh 

In general pn 

• 

In silos* ys 

In general pi 

In general pv 


—^numher of bars. 

* “ n%,mber dwisioiuf. . 

~ the norm of a normal = the 

lengHi of a line nifeasured at right angles 
, • . to some other line. 

~ length of the normal t-o the heutral layer — 

• the distan(!e measured from neutral 
layer to the extreme f^Dre. 

~ length of the normal above the neutral layer 
(when n(‘cessary). 

^ length of th(‘ normal bcloiv the peutral layer 
(when necessary). ^ 

length of the normal on the compression side 
of the beam (when necessary). 

- length of the normal on the tension side of a 

beam (when necessary). 

- »/d — the norm ratio — the neutral axis 

ratio. 

Also n, - n/Z> if and when specified by 
the \iser. • 

- tht‘ value of n wlnm measured above the 

ruiutral axis, and whim n is measured 
below the neutral axis, but na and nb or 
nr and nt are preferable to accented 
letters. 

~ n'/d (when necessary, but nux and nby are 
preferable. 

- t-otal pressure. 

“ total pressure. 

--- push or pull whim so specified by the user. 

- total pressure on the bottom of a silo, 
total pressure on concrete. 

- total horizontal pressure. 
total wmnat pressure. 

- t otal presstire on a short pillar when specified 

by the user, and when P — total 
pressure on a long pillar, 
total pressure on steel. 
total pressure on the side of a silo. 

^ 't.otal kuufential pressure. 

- tot/al vertwaJ pressure. 
intensity of pressure. 

~ projection when so specified by the user. 

= the pitch of ^lie bwdimj (i.c., the axial 
spacing of the "iat^rals). 

= yb/d ~ pitch ratio — ratio ol^ pilch oi the 
binding to diameter «f hooped core, 
i- intensity of presmre on ^e bottom of a silo. 

- yerceniage of reinforcement. 

Example ; pc/10() ~ ratio and pc = 
100 X ratio. * 

= intensity ot pressure acting horizontally. 

- intensity of pressure aching normal to sojne 

specifledlsurface. • 

intensity of pressure ort the side of a silo. 

- intensity of pressure (tangeniiaiy • 

-- iTitensity df pressure acting vertically. 
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XX3^V 

* » 
In Reinf. Con. pw 

\ 


In gener^»l 
Universally 

11 

In general 

Q 

In beams 

Q 

In general 

<J 

In general 

In general 

B.C. 

B 

Im Reinf. Con. 

B 

In general 

Be 

In general 

lit 

In piles 

B 

In mechanics 

B 

In mechanics 

Ba, lib, 
Be 

In genc'i’fcl 

In general 

In Reinf. (\)n. 
In R.(^ beaips 

r 

ra, rbf 
rc 

r 

r 

1 

In R.C. struts 

ry 

In R.C. struts 

r' 

In*RfC. pillars 

r 

• 

In piles < 

r 


— pitch of wch mcFibers measv 

'(i.e..^distatf'ce apart centre tx) crentre). 

Note . — pd and pv can be’ used for 
pitch of duujonat web members and pLch 
of vertical v;cb ipembersL if discrimination 
is necessary. 

— greater pi — roisson's ratio. 

= lessen* pi — peripheral ratio of a circle — 
ratio of the circumferenejc of a circle to 
its diameter -4 3* 11 10. 

— any qualifier or Algebraical quantity xised 

as a multiplier or coefficient as sped lied 
by the* user ; also a quotient, 

= a qualifier. 

Example ; R = Q‘h‘dK 

RlhaP - Q. 

— any qutdifier or algebraical quaniiiy used 

as a multiplier, or coellicient, as specified 
by the user ; also a. quotient. 

— reinforced comreie. 

— reaistance mom(*nt, li will be in units of 

j(Force X length). 

Example : i)oun(l-iT>ches. 

^ resistance moment ai the crit ical perceiitug<! 
of reinforcemerd/ (when specially stated 
by the user). 

= compressive. resista7}ee nw^ment. =- resistance 
moment in terms of tin* compressiv(! 
stress. (Only used when necessary to 
distinguish from BL) 

~ tensile reMstanee moment or resistance mo- 
ment in terms of the tensile stress. (Only 
used when necessary to distinguish from Be.) 

— working statical resistance of the ground 

to furtlier penetration by the pile. {U 
will be in the saim* units as \V and Thj).) 
== resultant of a series of forc(*s whc*n so 
specifi('d by the user. 

( a series of reactions, count/ed from the left 
= ' towards the right, only used in con- 
l nection with some explanat ory diagram. 
== radius. 

i a series of radii indicated on some 
diagi'am. ' 

ratio (when specially stated by the user). 

~ ratio of area of tenkile reinforcement to the 


area b'd, i.e., r — Ajh'd. 

~ ratio of area of I'iinforcement below or to 
the left of the centroidal axis to area of 
cross section of strut. 

= ratio of reinforcement above or to the rifjht 
<if the centroidal axis when specified by 
the user. 

— ratid'ot vertical reinforcenxmt to effective 
area . r = AvfA. 

= ratio as may be specified by the user. 

Example : r — lafd. 
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• 

In R.G. be^s i% rqj.io of wca of cornpresshw roinfor^pment to 

* afta of yeaii^, i.c., r ^Acjb‘d.* 

In R.C. stAts r6 = resultant stress ai*iha^ (^xt^reme edpe of 
^ • concrete bmh or fo the left of the 

• ^ centroidal axis. 

In R.C. struts rc' remltant stress at the extreme? edpfe of the; 

mmcrele above or to the rinht oi the 
eentroidal axis. ^ 

In R.G. struts fs -- rrsidtnrd stress in sk‘el 

In R.('. struts rs -- reauliant stress in steel below or to tlie left 

• of the eentroidal axis. 

In R.C’. struts rs' ^ re^idUmi stress in steel above' e)r tft t^e ri^ht# ^ 
of the eentre)idal axis. 

In steel work rr - radius at the* root e)f a see*t-ion. 

In ste'el work rt -- radius at the toe of a sect, ion. 

In beams >> — the total shear at a give'H vertie;al se;e;tie)n 

In arches IHa t/otal shear fit; t-he abutments. 

In are-hes Sc — total shear at the* croum. 

In 1 \.C\ beams s -- intensity of the sheuruaj stress on con- 

e*rete. « 

111 i)il(‘s s - - average set of a pile unde*r last feiw blows. 

(s will be in the* same* units as h.) 

In pillars s - spaebuj fae'toi* or e;onstant whieh will vary 

with the piteh eif the binding. 

In gc'ueral sf - sq. ft. -- square feet. 

In gener.al .si — sq. in. -- square* ineh(*s. 

In ge*ne*ral sn — .sindn. wh(*n ss — stress. 

In general ss — stress int'e*nsit,y, whe*n sn - strain. 

Occasionally ss -=■ shearing stre*ss in the steel whe*n so delined 
by the use*r. 

Unive*rsally Z’ — sigyna — the .sum of. 

In It.C^ struts Us - sum of the stresses. 

In ge'neral a — - .sujma — shearing st,rain. 

In ge»neral T -- total tension in the steel. 

In general Ta, Tb -- total tensile fe>re*es at, e:e)n.se*cutivc sections 

indicated on some* diagram. 

In are*h(*s Te — thrust at, the crotrn of an arch. 

In ll.(\ beams I'd — tensile force (diagonal) or total diagonal 

tension. 

In Reinf. (km. t - iitt-ensity of tensile stre*ss on the steel. 

In R.(\ struts t ~ tensile stress intensity due to tle*xure. 

In li.G,. beams ir tensile .stress intensity in concrete. , 

In btiams Id ^ intensity of diagonal tensile stress, 

hi ge*neral Vi - thickness. ^ 

In steelwork if — thUlcness of flange.* Also see 0. 

In gent;ral im t- thickness of web. * 

in g(*neral T Urn --- tensile strain. Al^p see and^.l 

In R.G. tee 0 Ihctu ^ thickness M the slab which forms 

beams ^ the flange of a reinfo* ‘(*d concrete tee 

beam. Also see if. 

In R.V. tee 0, — thickness ratio — 0/d. 

b('ams « 

In general U ~ wiital constant ; a constant employed to 

• rationalizi a st*t of units. , • 

Occasionally U — total ultimate load whan specified by the 

user. (Compare W = working load. 

In general V == volume. • 
i:2— (5139) 
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In It.C. pillars 

F 

= 

In li.C. pillars 



In R.C. pillars 

V, 


In arches, etc. 



In g<meral 

V 


In g(‘ncral 

va 

= 

In general. 

vi 

= 

In geiuiial 

va 


In general 

\V 


In beams 

IV 

= 

In beams 

Wd 


In b(‘ams 

Ws 


in piles 

W 

= 

In piles 

^Wp 


In genera] 

w 

= 

In beams 

wd 


In beams 

ws 

= 

In steelwork 

y 

— 

In steelwork 

y 



volume of a pfiUar or poison of a pillar, as 
«' defined Ijy the user. , 

of binding or volume of^’portio^. of 
ihe'ninding as defined by the'Hiser. 

Vhjv = volumelrie. rati6 — tlie ratio of 
volumes f i.e., the ml^io of the volume of 
binding, t(‘>the volume symbolized by V. 
versin, 

vclociUj. ' 

angular velocity, 
in ilml velocity. * 
ultimate or final velocity. 
total weight. 

total working load or weight on a beam 
(including its own weigld). 

Note.— -- Wd h IVs. 
total dead weyjhi. 
tot al superimposed weight. 

^vei{fht of t/he ram. 
weight of the pile. ^ 

weight or ivorking load per unit of length or 
area as stated by the user, 
intensity of dead weight in units of {Forca/ 
Area). 

intensity of .mperim posed weight in units 
of (Forite/Area), usually in pounds per 
square foot. 

yield load or total load at yield point (of 
metals) in units of Force, 
intensity of yield stress or stress at the 
yield point of a metal in units of Force/ 
Area. 



PART II 

INiTEUNATIONAL IDEOCJUAl’HS, ETC. 

as a luatl/cr (•(>uv<‘iiion(*(i io authors, Mu‘S(* i(l(‘oj^’aphs liav(^ 
h M'u ilcscrilu'd in i<'rms usod by printers in ])rcfen>n(V tlio terms 
us(‘d by maihemaiicians, especially in tlosc cases wlu're th(‘ Kii,ms lia^^e 
more than one name.) 

(1) ANGLES 

S(‘rij)t. alpha ^ any an^^U* in any position. 

^I^ie an^h^ mark. Plxample : a -- L sin ?/, that is : alpha is the 
anjj:le whose sine is ?/. Conversely, y sin «. 

Jjower <;ase theta — tlie an^le of inciinati*»n to the horkoniul 
})lane. Note t he horizonUd direction of tlu' mnemonic, strai^hi 
line in this symbol. 

Low(‘r case psi - Uie angle of inclination to ilie vertical plane. 
Note the vertical direct ion of the nmemonic. straight line in this 
symbol. Nohi also tha,t. angles are frecpumtly repeated in 
various })ositions on a diagram, and in some positions cp (phi) 
might be confused with 0 (theta). Tlu'refore (p is discarded 
as a symbol of tlu* angle of inclination to the vertical plane and 
is rei)laeed by y) (psi). Note 0 -\- y> — DO". 

Th(i degi'ee mark. 

The minute mark. 

'I’lie seconds mark. 

(2) LKAdvETS AND JUtAd^^S 

Hie I'ound bra.ck(*ts : the first sign of aggri'gation. 

The squar(‘ brackets : the second sign of aggregation. 

'Phe* bj*a,c<*.s ; the third sign of aggregation. 

Note that, tlu* braces should enfold the sipjare braiikets, and 
tile sipiare brae^(*t-s should enfold the round brackets. 

Thus :{(()!}. _ 

Jlrsickt'ts or bi'aees should lx* used in place of the vinculum ( ) 

as the horizontal liar of the vinculum increa;S(*s the cost of 
typPs(>t.ting out of all propi^rtion to its value as a sign of 
aggi’egation. • 

The stamBird notation do(‘s not irlelude the vinculum, and 
tile increasing use of typesetting maeliinery A'ill, iil^any case, 
lead to its general abandonment. 

(2) DASHES 

The minute* mark. 

The sectmds mark. 

The tlyrds mark. 

Note t.hat the above dashes wlien u^ed m conjunction with 
numerals always denott; quantitii^s of three different orders Of 
magnitude, but the meaning in any particular casi^will depend 
upon the context. 

xxxvii 
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( ( ‘ f 

(') The b(Sid minute mark when used in c<tn junction ^ith a letter oj 
the alphabet af!way?| deirote». some*' quantity to th£ righ* o/, or 
a6orc some axis^of ref erf roe. 

Example. If d denotes a distance to the left of a Vertical 
axis, then d* denotes a distance to* the.^rif?ht ot that axis. If 
d deno^s a distan(‘e below some horizontal anis, then d' denot es 
fAii^^e distance abm'C that axis. ' 

((^) The contra-italic dash used in conjunction with a letter, indicates 
one of a st‘ries of ratios having? a common consequent. 

Example. If c = the common consequent^ then the ratic s 
rt/c, ft/c, c/c, d/c, c/c, et c., would be rcjjresented by , c. , 

. f d\ ,'^ e. , etc. 

/ Fact<irial mark. Example : 4 ! — 1 X 2 x 3 X 4. 

This s^mibol was introduced by Kramp in 1808, and it is 
much easier for the printer tlian that L -shaped fact>orial mark 
which necessitates a horizontal lim^ beinj^ put. under the numeral. 
'Po distinj^uish Kramp’s factorial mark from otlnus it. can also 
be described as the “ bold italic exclamation mark.” 


(4) POINT8 

{*) The hi^h point is th(‘ decimal separatrix. 

Example : 5’7 — five plus seven -tenths. 

(•) The middle point is the sign of multi pli(uition for use between 
literal symbols. 

Plxample : muj m multiplied by n, 

(.) The low point is the sign of abbreviation used in tluj current; text, 
but not in equat ions. 

Example from cairrent text B.ll.P. — Brake Horse l*ower. 
Example from an equatitm, BllP — Brake Horse Power. 

(;) The ratio mark. 

(...) The continuation mark denoting “ and so on.” 

(‘.‘) The ” because^ ” mark. 

(.*. ) The ” therefore ” mark. 

(; :) The twin colons denoting the equality of two abstract numbers. 


(5) SKINS OF EQUALITY AND VARIATION, Etc. 

= The equality mark, denoting ” is equal to.” This is thi‘ g(‘nera- 
sign of equality for use in connection with numbers or magnil 
tude^. (Compare with the special sign (: :) which is used in 
connection with abstract numbers if and when disf rimination is 
necessary for some special purpose. 

=4= The approximat e • equality mark, denoting “is approximately 
(Hpual tt.” point above and below equality.) 

= The identity mark. This sign denotes ^something more than 
numerical eqfualit y, viz., identity. It is fretpiently used l^etween 
two different symbols when they both denote the self same 
quantity. 

For example — ^ 

Ab = Area of the beam. 

* .Compare this with < 

Area of the beam — 12 sq. in. 

Or. 


Ab = 12 sq. in. " 



INTERNATIONAL IDEOGR^Hfi, "^ETC. XXXix 

I'liQ iiieqiality mafk,| denoting “ is not equAl to.” 

«£ Tli^ less mark, denoting** is l<jss t^an.” - 

Thf not-lesH mark, denoting “ is^npt less jUSan.” 

Marks deimting “ is less tMn or equal to.” This full form is 
preferable to the special sign (<) which might be discarded 
without grAit loss. 

> The greater mark, derfoting “ is greater than.” 

> The not greater mark, denoting ‘‘ is not greater than. 

Marks denoting “ is equal to or gi’eat<3r than.” This full form is 
prfiferabUi to tko special sign ' which might be discarded 
without great loss. ^ \ c ^ 

^ The congruence mark, denoting “ is congruent with.” Lcargc" 
bold PYench “ guillements ” can be used for this purpose. 
Note that, this symbol vividly conveys ihe idea of congruency. 
~ The difference mark, denoting the difference betw(?en two 
(Quantities irrespective of any (jiu*stion of positive or negative 
«ip:n. ^ 

oc 'rhe variation mark, denoting “ varies with.” Thus, if y is a 
function of .r, then ?/ oc .r, i.e., y vari(\s with x. 

* Th(j arrow mark, (lenoling “ approaches.”" Thus Air —> O, 
i.c., the differential of x api»roaches zero. 


{({) SKJNH OP OPEUATION AND OPPOSITION. Etc. 

-|- The plus mark denoting — 

(а) addition. 

(б) positive^ quantities. 

(c) compressive forces 

as specified by the us(‘r. 

The minus mark demoting 
(a) subtraction. 

- ih) negative quantities. 

(c) tensile forces 
as specified by the user. 

± The i)lus-minUH mark denoting + or -. 

X The multiply mark, used as the sign of multiplication between 
numerals. -* . . . 

(•) The middle point used as the sign of multiplication between 
literal symbols. 

Example : wa s m multiplied by n. 

Al*) see the symbols under the heading of “ points.” 

The divide mark, denoting “ divich'd by.” 

(:) Tlu; ratio mark, which separates th(> antecedent from the 
consequent. • 

Thus, if a = the antecedent, and c =::^the conseqmni, then 
a : c represents^the ratio of a t o c. “ 

Tfie bold solidus, denoting, either division or ratio according 
to the requirements of the context. , 

(Note. — Authors must in every case specify the hold sohdus, 
or the printer will generally iiftert a solidu.s much too faint and 
weak.- Note also that the horizontal bar between the numerator 
and the denominator of a fraction is much more costly to print 
than the solidus. Therefore the horizontal bar should not be. 
used if a bold solidus will give equal clarity and viwdness. 
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The ‘root mari:. Thus \/2 = the souto root l^t 2. Note the 
alfiSenoe of the horizontal bar oy'ir^lhe figure 2. The vinculum 
cannot be sU up by Machinery, and it also disturb}/ the even 
spacing of conte^tf. therefore it should not be used'^in 
conjunction with the root mark. Thus, wr’te y/ia-h'c) and 
not Vfvb-c. Also see note imdcr tkc heacjjng of Brackets and 
^Braces. f 

’ ' (7) SIGNS OF QUANTITY 

0 The zero mark, the nullo. 

6 A quantity on the verge of nothing (a point above zero). 

(I Any^ quantity. Example ; Q O ^ a quantity approaching 
zew), a diminishing quantity. 

CO The infinity mark. 
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REINFORCED CONCRETE 

CHAPTER I 

OUKJJK AND GENERAL CHARACTERISTICS 

Early History.-- Statements are still occasionally made to 
tlu' efft'ct that rcinforc(‘(l concrete is “ a ikav and untried 
nRi.t(‘riid.” The fact is, however, that the pi'inciples of 
r(‘ii^(‘or(ied coneret{5 wcj'e understood hy the Ancuent Romans, 
by whom the material was employed in the construction of 
roolinjT over monunumtal tombs and in im})ortant public 
buildinjrs. 

Till' reinforcing^ bars weri' of bronze and the concrete was 
niaili' of lime mixed Avith volcanic scoriic, and aj,^pfregate 
consistiiij^’ of rather larf^e fra/;,mi(*nts of broken stone. In 
SOUK' (;ases, iron bars were employed as reinforcement, or 
elaiujis, as, foi* instance, in the Parthenon, where the bars 
weri' found to be in good condition after having been 
embedded in mortar joints for a period of fully 2,000 years. 
Jn other luisi's, the Romans used timber as reinforcement, 
thus anticipating a patent taken out in quite recent times. 

Although early Roman ciunent was far inferior to modem 
Portland cemiait, many examples of ancient construction 
are still e.'^ant, [iroving the remarkable durability of 
concrete as a structural material. 

The Pont du Card, in the South of France, •built uabout 
50 B.(\, is a striking j 11 ust ration of coherete Jiridge building, 
faced wkh stone after the custom of the Romans. A drawing 
of this structure is reproduced as Fig. 1. The dbme of the 
Pantheon, erected a.d. 123 , and sliown in section by Fig. 2 , 
is probably Uie finest examples of ancient concrete w5rk 
extant? Having a diameter of 142 ft., wffh an opening of 
30 ft. diameter at the top, this structure has successfully 
1 
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resisted the; destruetivp iiifluenecs the weather f(w nearly 
2,000 years. 

A concrete floor in the House of the Vestals, with' a span 
or 20 ft., and a thickness of 1 J. in. and tlu; Aqueduct of 



Fig. 2 


During the reign of Julius (V.sar, concrete hecaiiie quite 
common for foundations and the massive parts of masonry 
buildings, and some strueiures of that ])eribd are to be 
found consisting entirely of e„ncretc faced with ‘ stone. 
In the time of Augustus, concrete construction became 
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practically un^ersal i'ci^^foundation work, Uie massjvc part 
^ of buildings, and the core %)f wajls. ^ The same jnaterial was 
als» largSy used for the constri|eti*i 4 of*se>jPcrs, water mains, 
aqueducts, bridf^es, and bighways. 

It appciars that the method of applying concrete was very 
much akin to that now generally adopted, for, as deScribcHl 
by Palladio in 1570, the Pomans used boards laid on edge 
to form moulds or siiuttt'ring, and lilled the intervt'iiing 
s})aee with ecjiient and all sorts and sizes of stones it^ingled* 
together. 

Many Koman remains in (ireat Pritain prove' the' dura- 
bility of ane*ient eonerete and mortar, a later example be'ing 
furnished by the walls of the Pene'diedine Abbey at Peading, 
founeje^el by He'nry I in 1121. In this case, the walls aj)pear 
to have bec'U of stone' with a concrete etore', the latter still 
remaining, although the stonework has long sitice disa})pe?are'd. 

With the fall of the Poman Em])ire, the manufae^ture' of 
eenie'iit was discontinued, and ne)thing se'cms to have be'cn 
done in the* way of re‘infore;eel concre'te for seve'ral ee'iituries. 

One* of the most inte*re‘sting examples of reinforced concrete 
in inedia'val times was re]>ort(*d from Paris in the year 1911. 
According to this account, the installation of a lift in the old 
Palace' e)f the Le)uvre, rebuilt abemt a.d. 1527 by Francis I, 
le'el te) the* elisce)very that seime e>f the ancient walls consisteel 
e)f a kinel e)f reinlbreeel (’(mere'te, with a mere facing e)f elressed 
steMU'. Search in the* archives has revealeel the fact that the 
doeuments relating to the recemstructiem carrieei e)ut by 
Francis 1 make; ue) mentie)n e)f concrete, and clearly specify 
cut steme as the material fe>r einple)yment throughe)ut the 
walls. Ilencet w^e may reasonably assume that the (;ce)noiny 
e>f rcinforeeei concrete was recognized* by the ee>ntracte)rs 
who rebuilt the Le)uvrc nearly 400 yearj^ age)f altl^ugh 
their employers were* not invited te) share y^in the saving 
effe;cted. * 

Modern Development. Coming to ce)mparativhly recent 
times, reiufe)rc(;d ce)ncretc flat rools were suggesteel in 1830 
by Loudon, iftid about 1840 t^o systems (3f reinfoccAi 
plaster floor construction were employed, the methods of 
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oiimicti !/«■’ kh 4 those adopteu 
to-day. In 1849, I#inhot Unilt t'lie first reinforcccj concrete r 
boat (Fig. 3), which waf^ sh<own at tlie Paris ExpositioSl of 
1855 and is still in service. In 185^5, WilkinVon took out the 
first, J British patent for a rcinlbrfed e-oifferete floor, and in 
the sahic yea^; (bignet jiatented his system of reinforcement. 
In 18()1, Monier commenced the construction of boxes and 
vessels fpr liorticultiiral use, and his system was dev(4oped 
^later for ajiplication to arches, vaulting, floors, and other 
forms of (?onstriictiou. 

The first rcinfor(;cd concrete building in the Unit(‘d States 



Fig. 3 


was one in New York, erected in 1875 by Mr. W. K. Ward, 
the walls, floor beams, and roof being of concrete reinforced 
with metal. The first reinforc(*d concrcti; bridge; in the 
same country wai biiilt in 1892. 

Aliiong the mmiere^ms patentees w'ho had appeared on the 
scene between 4855 and 1892, Henncblque, of Paris^, deserves 
special mention as a great organizer, who established methods 
of calculation based upoij extensive experimental researches, 
svstematized forms of construction, and founded an organiza- 
tiort of technical agencies and licensed contractor^, which 
extenejs to almost every country in the civilized world, and 
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has been responsible for\l^ exeeution of over 50,000 works 
at ^lic pifisent ilatc. 

Introdifced iiito tliis country about l«oo by the late 
L. G. Mouchel, the#Mouch(;l-Henn(;biqiie system of reinhu’ced 
concrete is now represenfed by some 2,500 works fn tlie 
United Kingdom, where numerous })atentcd systems of rein- 
forccmient and sp(icial J:ypes of nanforcing bars or network 
have made their ap})eaninee during the past ten or liftetm 
years. 

In the absence of complete' datn,, it woidd be im})ossible 
to make any reliable estimate of the total number of rein- 
forced concrete structures completed in this and other 
countries, but bc'aring in mind the activities of constructors 
in evd’y ])art of the world, it is probable that the sum total 
runs into millions, and in any event must be large enough to 
negative any suggc'stion that n'inforeed concrete is an 
untried material. 

On the (juestion of anti(|uity, those wlio (estimate the 
value of constructive; methods by an arch.Tological standard 
may lind some' assurance; in the* e*arly history e)f reinfe)rced 
conere'te and in the fact that in me)dern time's this ee)m- 
binatieui was being cm[)le)yeel eui a practical scale at a pt'rioel 
wile'll east iron anel wremght iron were the only other sub- 
stitutes feir timber in the (*oiistruction eif beams, (;oliimns, 
and frame'el structures, and milel stee*l was epiite unknown. 

General Characteristics.— The elesignation rchijorccd 
concrete imw generally adeipteel by British anel Ame;ri(;an 
engiiie;ers is ne>t ejuite apjireijiriate, lor the reaseui that it 
merely cemvey^ the idea of ceuicrete reinforccel by the addi- 
tion e)f steu‘1, anel ignores the fact that ^.he stee;l is also 
re'infeireeel by the; concrete. Morceiver, it ylteige^ther <5fe,ils 
tei exjiress the combi^iatiem eif twe> materids, peissessing 
eepuilly valuable jiroperties, in such a way as to enable 
them to act jointly in eijipeising resistance tei ‘external 
fe)r(;es. * 

The co-equality e^f the jiartnenfliip was denoted by the 
designation concreie-steeh originally a})plied lout now ^orac- 
tically obseolete, anel is clearly suggested by the term 
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jerro-concrctc, which ^is ^till ,very«' largely used by engineers ^ 
and the te(;hnictn presx.* ^ 

The properties of reinforced c(.Rier(‘te and the behaviour 
of its constituent materials are^ discussed in subsequent 
chapters, and^ it is only necessary at the prtisent stage to 
indicate very briefly the general characteH sties of the 
coinbijiation. 

In the first place, concrete is a material wliicli tlie experi- 
eneci of thousands of years has ]u*oved to ])e unrivalled in 
respect of ])ermanent strengtli, and resistance to the proc('ss 
of natural decay affecting all other structural materials to 
their ultimate destruction. 

In structures where the ])rincipal effect of the (‘xternal 
forceps is tlie develo})ment of eom})ressiv(‘ stress, eoiuirete 
is at its best. Possessing liigh resistance to compression, 
and capable of effective resistance to tension within reason- 
able limits, concrete construction is greatly suj)erior to 
masonry and brickwork, whose stability dej)en(ls mainly 
upon the force of gravity, aided to a small extent by the 
mortar joints. 

On th(‘ other hand, concrete is not an economical mat(M’ial 
for forms of construction when* the princi])al efiect of the 
(‘xt(‘rnal forces is tlie deveIopm(*nt of tensile stress, or the 
dev(*lopm(‘nt of compressive and tensih* stresses in a])])roxi- 
mat(*ly e(pial proportions. Th(* reason is that, like east 
iron, concrete is considerably weaker in tension than in 
comjiressiou. 

There is no doubt that the early use of reinforced concrete 
by the Homans was .due to an intelligent* recognition of 
this fact, which,* in like manner, ace^ounts for the modern 
de^lopment th(*^same material. 

Although aWery new material in comparison with concrete, 
structural steel is entirely reliable in r(*spect o1 strength, 
its only weak point being an extreme susceptibility to 
porrosive influences. However, when embedded in concrete, 
the st('el is effcjetively protected or reinforcc'd against corro- 
sion,, and, thanks to the aid so rurnished, is qualified for 
employment in permanent construction, for the purpose of 
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tJkin^ an assigned hilnini iji the duty of resisting ijie stresses 
developed by tlie application of external forces. * 

, Reiitforccd conende may iJe 4 ljfint‘d ^Js a combination of 
concrete an<l#steel wlit^ein (5ich material is ap})lied so that 
its distinctive |]roi)(‘rties are utilized to the best advantage. 
The j)rineiples involve?! are most aptly illustrated *by the 
ease of a b(?am. 
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If a rectangular beam \V(‘re made of jilain concrete, the 
tensile* resistance of which is apjiroximately one-tenth of 
its compressive re'sistanee, the permissible working stress in 
teaision would impose a eorres[)ouding limit on the eomjiressive 
stress in the ar(‘a above* the neutral axis. 

Thus, nine-tenths of the strength of the concrete acting 
in (u)mpr(‘ssion would necessarily be wasted. If no practical 
obj(*etions existed, this draw'baek might be obviated by 
ado])ting a tension llangi* ten times the width of th(‘ com- 
pression portion of the b(‘am, in accordance with the principle 
followed iji the design of east iron beams. Fig. I represents 
Ihe modilied cross section of a plain concrete beam, originally 
measuring 8 in. broji^l by 12 in. deep, of the proportions 
that would be necessary for developing the compressive 
resistance of the material. 

Such ant arrangement would, obviously, be impracticable, 
and the sanu* resjilt could be oblained^ by inserting a small 
proportion of steel in the original tension arei^, ihcr^iy per- 
mittijig the full cf^npressive resistahee of^he concrete to be 
deveh^ped. Fig. .5 represents the cross section of a reinforced 
eonerete b(‘am of the samt* strength as the n^odified plain 
eonercte beam shown in Fig. 4-, and makes clear the great 
saving of concrete effected by the employment of st^el in 
th(^ tension area. In this diagram the Hirce bars are placed 
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in a position wherj' their centres are On the bottom line of 
the orifjfimtl cross section, 8 in. broachb/ 12 in. deep, as befon^ 
and a small anioiin\ of co\;i(;rete is assumed to be ad(lcd (a^ 
indicated l)y broken lines) for the purpose of covering the 
steel. t, 

The '(v^onomy resulting from the employment of the 
Ijoneretc for resistance to eompressi{)n and the steel for 


K-8^^ 



Fig. 5 


resistance to tension may be gathered from the statement 
that for (‘(|ual duty the cost of eonert‘t(* in C()m])ression is 
only three-fifths the cost of ste(‘l, and the cost of stetil in 
tension is only one-sixth tlie cost of concrete. 

In the jiractieal design of reinforced concrete b(iams, the 
tension bars inv supplemented by steel in the form of \v(‘b 
members for resistance to secondary stri'sses, and the 
employment of compression reinforcement is freipiently 
desirable for the purpose of limiting the dimensions of 
members, or of providing for the reviTsals of stresses whicii 
take place in continuous beams under certain conditions 
of loading. 

The employment of reinforced concrete in eoluinns and 
other compression members is not attended with so much 
economy as that secured in the case of beams, because the 
steel is employed chiefly for resistance to compressive stress. 
In the case of shorty eolurims under axiaj loading, the two 
rnateri^s act, jointly in withstanding direct eomjiri^ssion, 
and in the case long* columns, and columns under non- 
* axial loading, the tw^o materials share the duty of resisting 
direct and bending stresses combined. 

From this brief explanatioli, it will be seen that reinforced 
concKde differs (‘ssentially fiVmi steelwork mendy encased 
in r^vj^tectioii agaiiist flrc or corrosion,*^ and 
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that rciiiforceci c()iicrctR3^Tiust be considered ns a con}})ination 
possessing? distinctive ehaimctcri^stie^ ol'^ its own. 

Structural Advantages. —Sjreft^th an(/c]astieity are two 
marked cliaracteristies reinforced concrete, whicli also 
possesses tli(‘ valuable property of increasing in strength 
and durability with age, and combines the structural advan- 
tages of rigidfty, impenetrability, impermeability, resistances 
to fire, and (‘conomy* both as regards first eost^ and the 
elimination (d* the maint(‘uanee charges necessary in the 
eas(‘ of all other structural materials. 

Other advantages are to be found in the rapidity with 
whi(‘h works can 1)(‘ (‘xc'cuted, and in tJie facit that the 
constituent materials arc readily obtainable in all districts, 
the steel requiring no })reliminary workmanship, and the 
sand and aggregate for the (•oncreti^ being frequently available 
ill tli(‘ vicinity of the works to be executed. 

Distinctive Structural Features.— Ueinforced concrete 
sf.riietures differ from those' ere(?t(‘d in aecordanen with 
ordinary methods in the respect that the entire fabric is 
of monolithic eliara(;ter, th(^ concrete being in perfect cori- 
nc'ction throughout, and the steel affording a further assurance 
of continuity and mutual action betAveen the various members 
or structural {'h'lnents. Tli(‘rcforc, any well-designed and 
properly built reinforced coiKU'ctc structure is capable of 
adding as a single unit in (*ase of emergency, and if unexpected 
lo(* il stress(‘s an* suddenly developed by earth movements 
or any aeeid(‘ntal causey the? integrity ol the structure is 
naiintaiiK'd in eonsecpienee of the aid which is rendered by 
contiguous structural members to the part alfeet('d. 

Another distinctive feature characterizing all reinforced 
concret(i structures is that of lightness or slenderness, in 
comparison with the heaviness or massii'cnesS ol '^fOain 
(concrete, brick, and •masonry structures. Thanks to the 
elastic strength of the combination, the engineer is enabled 
to (h'part from the custom of cnqjloying material in heavy 
masses and to ado[)t forms of design akin to those found jn 
steel constructi'on. Apart from tRe gain of ^interior space in 
buildings, reservoirs, and structures intended for storage 
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purpose?, important economies are lifrected Ir/ tliis method 
of design. The saving of mat(u*ial in tlie superstructure 
naturally has the t‘ffeet (]<fo’edueing the load to be transmitted 
to the (^arth, thereby reducing the cost of f.oundations, and 
obviating the difficulties which frecpiently occur in work 
of the'' kind. 

An attribute of modern reinforced concrete construction 
which should not be overlooked is that its fimdameutal basis 
is a method of scientific (talculation comj)lying more closely 
with th(M)retieal princi])les than methods em])loyed in other 
branches of e.onstructive work. This view is a})propriately 
expressed in a papea* on “ The Art of Construction,” naid to 
the French Socic'ty of Civil Engineers by Lieut. -Colonel 
Ral)ut, who says : More happy than metallic construction, 
of which the funda.mental types hav(‘ been eoiidtanncd 
by auseuH atioii, reiufore(‘d eonerete typ(‘s have been modelled 
upon the rc'sulls of (‘xperieiiee. Morc'over, contrary to an 
opinion Avidely aeee])ted, the ealeulalion of r(‘sistanee for 
reinforced eonerel(‘ structures is far more exact than that 
for metallic construction.” 

“ Ihanforeed concrete has also led to another phase of 
sci(*ntifie evolution wherein in ])lace of basing preliminary 
calculations upon arbitrary assumptions. ac(a)unt is taken 
a priori of well-established values of the internal stresses. 
The general eonsecpnaiee of this innovation is the r(‘duction 
of calculations of rc sistaiuic to static* calculations of simple 
and certain character.” 
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CONSTITyTION AND PllOPERTlES OE CONCRETE 

Definition ^ and Constitution. — Concrete in general may 
be defined as a variety of artificial stone, very much akin to 
the natural rock known as conglomerate, or pudding-stone, 
made by mixing citluu* grav(‘I or fragments of %tone,*oj* 
fragments of sonui other hard, inert substance, with cemen- 
titious material capable of binding the whole together to 
form a firmly eoh(‘ring uiass. The similarity of the two 
materials will be seen on eom[)arisou of Figs. 6 and 7, the 
former represejiting a piece of pudding-stone and the latter 
a fragment of eoneretc*. 





() C()rijj:l()iii{*rat(‘ Fi<5. 7 (’oricrotc 

In reinforced coii(a-et(‘ j^raeticc? th(‘ use of grav(‘l or broken 
stone is ncccssarj' in ord<‘r to produce^ concrete of adequate 
strength and durability, and, for tJxe safne re*ason/ Portland 
ccMTient is employed as the cementitious iliaterial, instead of 
any of the varieties of lime and inferior eemynt which are 
still largely used in ordinary (ionstruetion. 

Where ^avel forms the ba^fis of concrete, this constituent 
is divided into (1) sand, com})rising all the finer particles 
below a diameter of about J in.; and (2) aggregate^ consisting 

11 




l2 R^NF,ORCED CONCRETE [Chap. IT 

' i 

i I \j 

of all the 'lioarser particles, or pebbled, ranging 'from about 
Jin. to Jin. in diapielcr, ‘ or lO any other limit that may 
be fixed. Where broken stoil'e is used as aggregate, or 
c()ars(‘ material, the finer jiartieles in^eessiyy may consist 
cither of sand or of stone screenings, or of a mixture of 
koth materials. • 

The particles constituting the aggregate should be of 
various s,’'?e!>, so as to reduce to a minimum the spaces, or 
vmih, between them, and tiie partiedes of sand or stone 
screenings should be similarly graded in si/^e with a like 
object. 



Fig. S 


Fig. 9 


If each class of material is properly graded, and if both 
classes are mix(‘d together in correct ]>roportions, the total 
amount of the voids in the mixture can be reduced to 
considerably less than half the average amount , previously 
existing in the two constituents. 

This point is illustrated by Figs. 8 and O', one representing 
aggregate consisting of Iragments of practically uniform 
size, and the otlicr showing the manner in which the par- 
ticles of well graded aggregates arrange themselves so as 
to reduce the proportion of the voids. These diagrams are 
equally applicable to sand and stone sen'enings, which only 
differ from aggregate in tlie respect that the partiiiles'are 
much sma^ner in size. 
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Tlie voidt remaiiTil\g are filled by cerAent paste, formed 
l)y thc.addition of water dry ,Thc voids originally 

(Existing in the latter are elinvnfftftd in part by the reduction 
of volume foflowing the- admixture of water, the amount of 
cement paste b$ing abyut 0'85 cubic foot per cubic foot of 
dry (;ement, and in part by a s(‘ri(‘s of el^c'mieal reaction* 
causing the cement paste to set in a hard and compact 
crystalline mass, tl^ water absorbed in the fc^rijjation of 
(Tvstals becoming a permanent constituent of the concrete* * 

One important fact to be borne in mind is that th(‘re 
must always be an excess of cement j)aste to the extent of 
at l(‘ast 10 per cent, over the voids in th(j sand, and an 
(‘(pnil excess of mortar (cement paste and sand) over the 
voi^ls in the aggn^gate, to allow for uneven mixing and 
losses in mixing, and to make sure that all the particles 
of sand and aggregate shall be thoroughly coated with 
cement. 

Tli(‘ strenglh and other important ])roperties of concretes 
(lep(‘ii(l very largely upon tin* care takcni in the grading of 
tli(‘ sand and aggregate, and upon the correctness of the 
proportions in which all the constituent materials arc 
cmj)loyed. 

It jnay b(“ added that the })ro])ei'ties of eonerete also 
depend upon th(‘ (piality of the materials, thorough mixing, 
and pro|)er treatment before, during, and after deposition 
in tlie work to be executed. 

Limes and Cements.— While differing widely in respect 
of strength and physical fn’operties generally, limes and 
(5e]n(‘nts are in r(‘ality members of one large family, being 
produced b*y the calcination of liuiestone or chalk, with or 
without th(‘ additit)!! of foreign .substances. 

Kick or Fat Ijme is produced by. burmng pure or nearly 
])ure Ijmestone or •chalk, the resulting ^lick-lhnc slaking 
ra])idly when mixed with water, swelling iij) and evolving 
great heat, and forming dakrdjhnr. 

Poor Lime is obtained by ^calcining limestone or ejialk 
contj^ining mert matter, the product spiking more slowly 
and less completely than rich lime. 
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IIydraI’lk’ Lime is made by caleiyiiipf at moderate tem- 
perature limestone^ or ^ dud k .eont^iniu^ clay, eithe^ alone 
or in eoiubination with 'rfika^ics and metallic oxifles, in 
proportions sullieient to iende’’tlie resultiiiff material capable 
of settinj^ under water. If the proportion of clay is relatively 
i!ar^e, a vari(‘ty,of natural ennenf can be ])roduced by con- 
tinuin^r the process of calcination until the whole of the 
linu; hasj?p.t(‘re(l into combination. Thf line of demarcation 
'oetwecui hydraulic lim(‘ and natural cement is most con- 
veui(‘ntly drawn by elassifyiiifr as linir thos(‘ [)roducts which 
contain uneombined lime capable* of slaking in the presence 
of water, and as cnnrnt those in wliiedi all the lime has 
(‘nter(*(l into eli(‘mical eoiubination, thus permitting the 
proe(*ss of s('ttiug to take place without the slaking 
eliaraeteristie of lime. 

Lomuion lime can be rendered hydraulic by the addition of 
substances either before* or after eale*ination. For instance, 
Scott's or selenitic cement consists of lime containing a small 
proportion of a suljdiate, usually ealeium sulphate, and the 
liydraulie lime* or eeme*nt us(*d by the Homans was produced 
by the admixture ()\' pozznolana with ordinary lime. J\)zzuo- 
lana, trass, and similar natural products are varieties of 
a:gillaeeous ea,rth e*aleined by volcanic heat, and it is 
int(‘resting to note that they are use‘el to-day practically in 
the mauu(‘r a.(lopt(‘d by the Homans. 

Nati'hal Cement was hrst made in this country from 
septaria or nodule's ol* e'lay and eah'areous matl(*r found at 
various ))oints on the e*oasts of Kent and Essex. Originally 
known as Parker s cement, this produe’t was afterwards namcei 
Roman cetnent, a, supe'rior quality of the same* nufterial being 
produe'cd under thc'iiame of Medina cement, so ealk'd from 
the river in' the i Isle of Wight where sejitaria are also 
found. ^ * 

Natural cement is produeexl by the calcination of rock 
containing varying proportions of limestone and clay. The 
chc^jiical composition varies ^considerably even in the same 
quarry, and as the,, rock is burne'd as quarried, withou^^ pre- 
liminary ^adjustment of the proportionate amounts of lime 
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aiul Clay, trie inevitaojc'' result is a product oi inferior and 
uni^diablf* character. 

Before \hc outbreak of the w^lr in 1914, large quantities of 
natural cement w^re imported into the United Kingdom, 
ehi(‘fly from Belgium, iml^'h of this inferior material Jjaving 
been sold as«“ Bortland Cement,” or as “ilest Portland 
Cement,” and im]X)rt(‘(j in bags bearing only initials or marks 
instead of the maker’s name*, an ingenious deviee a(i(>i,^ed for 
the purpose of avoiding the neeessity, under the Merehandise 
Marks Act, of marking the packages “ Made in B(‘lgium.” 

Portland Cement.— This variety of c(Mnent is pr(‘f)ared 
by calcining an intimate mixture of limestone or chalk and 
{^lay at a temperature' high enough to cause* the raw materials 
to eiAer into perfect chemical eM)mbination. 

The tluTe* essemtial conqxaie'iits e)f the ce'iTK'iit are lime, 
alumina., anel silie*a; and thc'se may be furnislu'el either by 
pure* or lu'arly pure limestone or ehalk mixc'd with suitable* 
clay obtained From any convenient source, e)r by rock of 
th(‘ kind employed in the manufae*ture of natural ex'incnt. 

In eitlu'r eaise, the proportions of the three eomjKUU'nts 
arc care'l’ully r(‘gulat(‘d so that the resulting cemeait shall 
e‘omj)ly with an established standarel of chemical eom- 
|)osition. The eh'linite composition anel uniform (piality e)f 
the proelue't an* f(‘atures eleairly distinguishing Portland 
e'e'ine'ut from I Ik* varieties of eadeiiu'd e*ale*are‘ous rock known 
{i.s natural ea'inent. 

Sine*(‘ the Foundation oF tu^‘ mode-rn cemeait industry in 
the* eairly days' oF the uine‘t(*enth eaaiturv, l^)i’t,land ea'inent 
has been grejitly im])roved in quality by the strict re*gulation 
of the proportions of th( raw materiflls, trie peidVet elinkering 
of the mixture, the fine grinding of the clinker, ^and b^ the 
ado])tion of scientific ^nethods in every • stag? ^f manufacture. 

In rctnforrred concr(‘te work, the cement used should 
invariably be Portland cement of slow-setting (quality, 
complying A\ith the requirements of the British Standard 
"ipecification in respect oF prepai’^tiou, chemical compositii^n, 
md pRysical })roperties. 

The importance of slow-setting cement deserves to be 
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emphasized for the reason that, iu practical construction, 
the operations of transtiorting newly mixed concrete to, the 
])oints where it is to be used,' and of depositing and tamping 
the mat(jrial in moulds, should always be, completed before 
the cement has commenced to scu. It has been ])roved in 
practice that if concrete is worked after setting lias com- 
menc(‘d, Its strength is seriously affected, th(i reason being 
that t-Mi })rocess of crystallization in the cement is disturbed. 
The interlocking crystals are broki'ii up, and the strength 
and cohesion of the material are proportionately reMluced. 

On rcd'ea’cnce to the Ilritish Standard Sjieeafication, it will 
be observed that the initial setting time of not less than 
20 minutes, and the final setting time of not l(‘ss than 2 hours 
nor more than 7 hours, are only intendi‘d for guidance in 
cases where a sjieedally slow-setting cement is not r(‘quired. 
For reinforced concrete work tlH‘ initial setting time* should 
be not less than 50 minutes, and th(‘ final setting time not 
less than 5 hours. 

In some Eurojieau countri(‘s the minimum time of initial 
set is specilied at 00 minutes, and, referring to Anu'riean 
cements. Professor Ira (). Paker says: “The (|niek(‘st 
Portlands will begin to set in 20 to fO minutes, but the 
majority will not begin to set under 00 to 00 minut(‘S, and 
will not set hard under 5 to 0 hours.” 

Strength of Portland Cement. The Hritish Standard Speei- 
lication states that the average breaking stri'ss in tiuision 
of neat cement bri(}uettes 7 d^;ys after gauging must be not 
less than 1-00 lb. per sijuare inch, and that the average 
breaking stress of the briquette s 28 days after gauging must 
show an increase on the breaking stress at 7 days after 
gauging of not less than — 


25 per cent, wlu'ri die 7 
20 „ 

15 „ 

10 „ . „ 


day test is abe^ e 100 lb. and not 
„ » 150 „ 

„ „ 50U „ 

„ „ 550 „ 

„ r „ 00!) 


lila^ve 450 I 
, 500 , 

, 550 , 

. 000 , 


Similarly, the average breaking stress in tension of 1 : 3 
cement and sand* briquettes, 7 days after gauging nihst be 
not less than 1501b. per square inch, and 28 days after 
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gauRing musttbo not than 2J5(>11,. per Square ijch, and 
the increase in tlu. broakihg sttess/ro«i 7 to 28 days must 
be "not Igss than — 

2.) ix-i- coni,. wli<-n*(,lio 7 daj Icvt i.., al>o\o 200 II,. and i,„t above 250 lb. 

1'' ;; ” • ’■ •«i'! ” ” 

r. ” ” " » „ # 1^50 „ 

” - - :ir >0 . ,, 

For comparison with these re(,uirements, we give, in 

I able I, the I'esults oT a series of tensile tests coaduried for 

the Femforeed ('onerete t'ommittee of tl.e Institution of 
t'lvil Engineers „n briqu,.ttes of “ Ferroerete ” cement 
5U|)plied by tlie Associated Fortland Cement Manufacturers, 

LtCi* 

TAHLK I. 

TknSILK STUENIiTIl OF J*OIlTI.ANt) (JfMKNT, 

IN IVlLT.NDS |*KK, Sl^UAKF IncII. 


\o. oj 
S}W( miens 
'I'eslcfl 
{ear/t lesi). 


Avemne Tensile Slreiujlli. 


7 Daifs. 


Dnys. 


Sent 

Ceinenl. 

l\i 

SIT 

iVAl 

(U7 

.r'.i 


( 'nnenf 
and ISand 

I 

2:{7 
290 
229 
212 
190 
190 


Aeal 

Ce'nienl. 


(' 

ana 


-Ze ; 

are 

822 I 

so;; and broken 
ilicls con Crete of 


' sand, (‘arth, clay, 

' tlier foreign matter. Where sandy 

As cement eau lie be 

than in eom^ression ^1'"^ T aKfiregate all particles of 

■x ver use, I in reinfor I, ‘ aggregate in % 

to the resistance of t# preparation 

exists belween the ten*„ n , ^ 

oiatcisal. Tlierefore th! ^ 'Wegate 

'il'-ne do,.s not affor.r 

guidance as t^, the m, P'’‘’Port'0'» <>f voids to a minimum,, 

to be etnpJoycl in eo {T ^ 

-’ -(5i»9) ““ be broken to come within 
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Water. — Ajfart from otlicr rcasfons, water is an essential 
eonstitu(‘iit <)f eoneretcun the re?<})eets that it has the (‘ffeet of 
commencing the scries ol rmetions which result imtlic sc^tting 
of t]i(‘ cement and that it enters ‘into chemical comhination 
witli that material as water of crystallization. For this 
purpose aloufs the proportion of water by weight should be 
at least 8 p(*r cent, tlu^ weiglit of cciricnt, but, in practice, 
a mveh greater proportion is re(|uisite. 

Fresh water should always be used, and care should be 
taken that the water is free froiii (‘aithy, vegetable, and 
organic matter, acids, and alkaline substances in solution 
or suspension. 

Tests by Alexandre, Feret, and others show that the use 
of s(‘a water has very little eflV^et upon the strei?gth of 
concrete after the lapse of a year or more, the chief objection 
to its employment being that 1 he setting and subs(‘(iu(id hard- 
‘cning of the concrete are ndarded — a serious disadvantage 
is constructive work. 

In Und and Stone Screenings.— It is obvious that no 
t is si'tical obj(‘ction can exist to the (‘inploymcnt, as a 
mentsitute for sand, of small, well-graded j)artieles of stone, 
nilmiav to the larger j)artieles and fragments forming the 
majority will Although tlu* liner partick's and coarse fragme^nts 
will not set hard’ separately in practice, they should Ik‘ graded 
Slrcn^th of PorlimM actually exists* 
fieation states that the* the f^tjj^^iigth of mortar made 

of neat cianent bri(piett(*s 7 d-ys’after attention must 

less than 400 lb. per S(|uare ii?eh, amT grading of the 
breaking stress of the briquettis 28 tlavs^'^^^- Wherever stone 
show an increase on the breaking strr^‘ 
gauging of not less'^thaa — 'h are obj(‘ctionable in 

25 p«ir cent. \>'}ien/fie 7 day test is above lOU 1 

” » » |5o e should be com})osed of 

10 , ’’ ’’ ” c from clay, chalk, lime, 

t M (UMier impurities. Mortars 
Siiniilarly, the average breaking stre^’ospect qf watertightness 
cement and sand* briquettes, 7 days of clay, alum, and 

not less than 150 lb. per square inch,"- other hand, 
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mortars of good* (quality, Idth projil'rly graded sand, ifnd an 
iidetinatc ^iinount of eeinefit, musli inevitably suffer in 
streiij^th ifi cement is disj)laced»by inert material, partly 
beeanse the inert yaitiek*s‘ have no value in themselves, 
md partly because th(‘y ^iik*ak up the continuity of, the 
interlocking crystals formed during the setting otftlie C(‘ment. 

As })r(‘viously stated, the sand, or small ])ai1;icles of stojie, 
diould be of varying sV.es, from I in. downwardsv i^’ine 
tiand and sand with grains of apju’oximately uniform size ar(‘ 
[‘(pially undesirable in })ractical work, as for given mixtures 
they j)roiluce mortars of less density and stnuigth than 
tliose obtained by the use of coarser and well graded sands. 

Aggregates. — Tlu* coars(‘ material in (Mmeret(‘ may be 
compost'd of gravel, shingl(% or broken stone of any hard, 
elose-graiiK'd, and durable eharacter. 

Among the materials which should never be us(;d as 
aggr(‘gale in reinforced coneret(‘ work are : coal rc^sidues, 
including ashes, cindcM’s, clinkers, coke breeze*, pan breeze, 
and slag ; blast furnace slag, copper slag, and forge bi’ec'zc* ; 
sulphates and compoumls of unstable character. 

Limestones and other forms of calcium carbonate arc 
inadrnvssiblc in coiK'rete for buildings, owing to the faet 
that they are* disintegrateel at liigh te*mperatures, anel broken 
briek is ne)t te) ])e reeemimendeel because it yields ee)nere*te e)f 
comparatively le)w compressive strength. 

Aggre*gates she)uld always be free fre)m sand, earth, clay, 
epiarry refuse*, ajid e)ther foreign matter. Where* sandy 
grayel, en* Thames l)allast, is emple)yeel, tlic sanei slie)uld be 
rem««we‘d by screening, leaving as aggregate all partiedes e>f 
i in. gauge anel*abe)ve*. The sanei, if of- suitable ejuality, can 
afterwards be mixed ^fith the* cement anel aggregate in tjie 
proj)e)rtions which have been adoptcel fe)r tl!(j pre})aratie)n 
e)f the comjre*te. * 

The pebbles or fragments of broken steme used as aggregate 
should be varied as much as possilUe in size, anel (iarefully 
graeled so as to re^duce the pre)portioi| of voids to a minimum, t 
the sizes •e)f the* stones ranging fre)m J in. up* to J in. Any 
above the latter dimension must be broken to come within 
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th(‘ rC^cjjuired limits, the 'Yoason i\kr this that particles 

of more than 2 in. ^au|!fe are toc) lar^c; to pass readily between 
the rcinforciiifjf bars, or be worked conveniently be‘twcen 
tliem. * ‘ 

Rroportioning Concrete. — In order that the constituents 
of concrete tnay be applied in the most advaritagcous manner 
it is necessary that careful attention should be devcJted to 
thcN^nlhi(‘n(?e exented by tlu‘ charaeteristies of the aggre^gato 
and sand, the sizes of the j)artieles, the f)roportions in which 
particles of various sizes are cunjdoyc^d, the proj)ortion of 
cement, and the consiskney of tli(‘ mixture. 

As a geiKTal axiom, it may be sta,t(‘d that the density of 
concrete is the most important factor in res[)(‘et of strength, 
impermeability, and economy. 

Tlie density of exmcrcite is r(‘pres(‘ntcd by tlie ratio of the 
volume of solid matter to the total volume; of the (;oncrete, 
and is the eomjdcMnent of the perecaitage of voids. 

Maximum d(*nsity is obtainable by the use of sand and 
aggregate ol' varying sizes, so that the gaps bc*tvveen the 
largest stonevs arc* occupied, as far as practicable, by stones 
of the next largest size, and thereafter by ston(‘s of pro- 
gressively d(‘ereasing dinumsions, until the voids r(;maining 
to be filled are so small as to give the sand or stone screenings 
the oj)portimity of continuing the process to a stage when 
the eenieiit and water come into play and oc(*upy all the 
interstices that r(‘main. 

Ver} little consideration is n(‘(‘d(‘d to show that if in a 
giv(‘n volume of concrete the aggregate and sand are so 
graded and |)roportioncd that the concrete is composed 
principally of stone the amount of cement retpiired for the 
purpose^ of binding together the whole mass will be much 
less than tli^;'amount mr-essary in th(‘ case of concrete where 
the same care has not been taken ^to reduce tlk*‘ proportion 
of voids by ])ropcr grading and ])roportioning of the aggregate 
and sand. . 

While the cm])loyny‘nt of cement fof the purpose of 
making u]) for the effects of badly proportioned aggregate 
and sand is merely waste of good material, cases often 
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arise tvhere the |)rop()rti©i^ ol cement can be yicrcasect witli 
advantage, thereby produci]|^g concrete of proport io?i at el y 
greatyr strength. 

Tlie prin^iples governing^ the propmrjons oi concrete are 
covered by two welli established laws — 

1. For a given mixture of Rand and aggregate, the stroiig(‘st 
eonerede is that •containing the largest percental* of eenu'iit. 

2. For a given pereent^age of eement and a given dc'serip- 
fion of sand and aggregates tiie strongest eoner(‘te is fliat 
obtained by sueh a eombination of the fine and eoarsc 
partiel(‘s as results in eonerete of maximum density. 

Various methods are adopted with the object of obtaining 
concrete of maximum density, some of these being briedly 
discussed in the sileecaaling paragraphs. 

Propdrtionin^ by raids. This method is based upon the 
undeniably eorreet ])rin(‘iple of determining the voids in the 
sand and the aggregate, using (‘iiough eeiiuait j)ast(‘ to fill 
tlu‘ voids in the sand, and enough cement and sand so 
pro])ortion(‘d to fill the voids in the aggregate*. 

Tb(‘ voids in sand and aggn^gate may be d(‘t(‘rmin(*d 
af)|)roximately (‘ither by dinrt measurement or by com- 
putations based ii])on the specific gravity of tlu* material 
and th(‘ weiglit of a unit volume of the particles constituting 
the sand or the aggregat(‘. 

The method of projxa’tioning conerc'te by voids gives 
results that arc oidy approximately correct. Tin* pe rcentage^ 
of voids in the aggregate* varie‘s witli the compactn(‘ss of the 
material as affected by eliffe-rent methods of handling, anel 
the p(‘reentage of voiels in the sand may be greatly afleeted 
by small variations of moisture. MoreoveT, it elocs not 
follow that the additio^i of cemeait |)as'te cejyal to the voids 
as dcte*rmined will aetually fill the* voids in the sand, neir 
that the* addition e)f ce‘iyent and sand (*qual to^^he voids as 
determined •will aetually fill the voids in the aggr(*gate. 

The cement ])aste covering the })articles e>f sand virtually 
in(‘rease;s the‘ir size, and thereby teneBi to increase the ve)iels, 
a similar tendenny being due to tXc superficial teaisiou of* 
water in the cement paste. 
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So far as tl>e ag^?rcgatc is concerned, the actual volume of 

the voids docs not corres])ond ?vith the volume of sand and 

cement theoreticaJKy iVluired to fill the voids, ‘^chiclliy for 

the reasons that some of the larger particles of sand get 

l)etw(‘(‘n [)arti(^]es of aggregate that would otherwise come 

int(f close eontacd., and that, eve‘h in the coars(\st aggregates 

some of the*^ interstices are smaller in widtli than the finer 

[)artielos of sand. ^ 

general r(‘sult is that, as prc'viously stated, there must 

be an excess to the extent of about 10 pi‘r cent, of cement 

])aste in tlic sand, and an excess of at ](‘ast 10 per cent, of 

(•(‘UU'nt paste and sand in the aggreg{d(‘, to i^rovide for 

eoutingeiieies. 

Proporimu}]}* bf/ Trial Mi^'lures, -This method possesses 
the ri‘(‘ommendations of simplicity and reliability, and can 
be usefully em])loyed for the jmrposc* of comparing the 
(haisity of th(‘ eonercde produced by diff{‘rent arbitrary 
mixtures, or mixtures pr(‘})ared for the examination of 
their merits. 

Jlrielly d(‘serib(‘d, the method consists in placing a delined 
weight of (‘aeh (concrete' mixture, including aggn'gate, sand, 
cement, and water, in a cylindrical v(‘ssel, tamping the 
coner(‘te, and mdiug the luMght of the uj)]K‘r surface. The 
eylin(l(T is then empti(‘d, cleaned, and used in the same way 
for the trial of any recpiired number of suee(‘ssive mixtures. 
The mixtnr(‘ of the greatest density will evidejitly be that 
giving the least height in the cylinder. 

The cylindrical vessel call be formed by closing one end 
of a piece of iron or steel tubing, a convimient size being 
from i) to 12 in. in diameter and from 12 to*I5 in. in height. 
The tamping sl’ould be conducted a^ uniformly as possible, 
ii\ order 'to minimize variations due to mechanical treatment. 

t. ^ ... 

Valuable ify this method is as a ready means of determining 
the relative merits of various mixtures, its ajiplieation would 
be impVaetieable for the [lurposcs of an exhaustive investi- 
gation of the infinite ‘ number of mixtures obtainable by 
‘screening the sand and ^ aggregate into valioiis grades; and 
making combmations in different proportions. 
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Vfoportwnin^ by ^cchanical Analyns.—Thk s(;ientiffc 
method of procedure is' fully described and discussed in 
a lengthy paper, entitled “The J.a\fs of Proportioning 
(V)ncrcte,’* by ]\^r. William B. ‘Fiiilcr and Mr. Sanford E. 
Thompson, in the ^Tramactions of the American Society of 
Civil Engineers, Volume MX, 1907. 

Mechanical ^inalysis consists in separating# the f)articles 
of a sample of aggregate, sand, or cement -by UK^aiis of a 
set of sieves, usually eight in number for (‘ach vari^*y of 
mat(‘rial — into the various siz(‘s of which it is com])os(‘d, so 
that th(^ results obtained can be plotted in a diagram to 
1‘orm a curv(% eaeh ordinate of whi(^h is the ])ere(mtage of 
the weight of the total sample passing through a sieve 
having holes of a, diamc^ter represent(‘d by the distance of 
th(‘ ot\liuat(‘ from the origin in the diagram. 

The objects of mechanical analysis curves, as applic'd to 
sand and aggri‘gat(‘s for conerete, ar(‘- 

1. To show graphically the siz(‘s and relative sizes of the 
|)artiel(‘s. 

2. To indicate what sized particles an; needed to make 
llu' mixture of sand and aggr(‘gate more nearly perh'ct, and 
so enable the (‘iigiiu'cr to hnprove it by the addition or 
substitution of other material. 

8, To afford means for determining the best pro})ortions 
of diff(*rent satids and aggregates. 

Th(‘ exp(‘rience of the authors of the paper mentioned is 
that th(‘ b(‘st mixture of e(‘ment, sand, and aggregate is one 
having a meehanieal analysis curve resembling a parabola, 
which is a eombination of a curve approaching an (‘llij)se for 
the sand ami tangent straight line for the stone. The 
elli])se extends to a diameter on(‘rtefith the diameter of the 
maximum size of stoiu^, and beyond this pointy the stone 
is uniformly graded. 

Mechanical analysis diagrams afford a very j)rccisc means 
of d(‘tcrniining the proj)ortions of any materials for concrete 
by si(^ving each of the materials, plotting tln^ analyses, and 
combining thctcurves, so that th(f result is a curve as ncarfy 
similar* as jmssible to the maximum density curve. The 
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proportions of^the different matey'ails requkcd to profiace 
tlic new curve will show tlie relative quantity of eaeli which 
must be used in prf>porfipnm^. * ,, 

This method is |)articuiarfy valiiabh*, notionly as a means 
of ascertaining the best proportions in \v.hieh the sand and 
aggregate should b(^ mixed, buf also for t}u‘ j)urpose of 
sliowiiig how "the aggregate may be improved- by increasing 
or decreasing the proportion of some, particular size of stone. 

* Me(di?mical analyses of the mat(‘rials can l)e made from time 
to time during tlu* progress of any W'ork, so as to sliow whether 
or not the sizes of the partich'S of th(‘ aggregat(‘ ha.V(; changed, 
and, in the case of any appreciable change, the proportions 
(!an be varied so as to produce tlu‘ most economical concrete. 

In order to secure the full Ixmcfit of this nud-hod of pro- 
[)ortioning, the aggregate and sand must lx* screeded to 
several sizes for combination in ac'cordauce with the curves 
r(‘presenting the results of the mechanical analysis. 

The apparatus iu*cessarv hu* a mechanical analysis consists 
of a s(‘l of sieves, preferably with a mechanically operated 
shaker, and scales for weighing. The nuinlx*!' of sieves and 
the sizes of the* openings in them de])end upon the d(‘gree of 
accuracy required. For ordinary concrete work, a set oi 
S or 10 sieves is sullieieiit. 

Whether the increased cost of preparing mal(‘rials in the 
maniu*!* described would be justified by tlu* saving of c(‘ment 
is a question of somewliat problematical eharaeder. Fven 
if tlu* principle of m(*chanical analysis is not extended to 
the sere(*ning and grading of the aggregat(‘s emjdoyed in 
actual construction, the adoption of sieve* analys(*s may be 
advantage*e)us in works of ceinsielerable* magidtude for the 
purpose of indicating improve-ments, somedimes attainable 
witiiout additional cost, in the proj)ortions ol the* materials. 

Those de*siit.ng further information on the* subject of 
mechanical analysis are re*fe*rreel to the* paper alre*bely men- 
tioned, ariiel one* on “ Projxirtioning (Vmerede,” by Mr. 
Sanford F. Thompson, 'm the Journal of ihc Associated 
Engineering Societies^ Veihfiue XXXVl, IIKX).*- 

A convincing j')re)e)f of the value of tluj method is furnished 
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the fact lliat it been cmj)Joyed dajj after dny by Mr. 
Fu11(t for determining tfee jm)})orti()iis for coiicrele used in 
ct)nstriTcting thin watcrtiglit* \^a|Is, the proportions used 
having 1i)een about 1:3:7, whereas for watertight concrete 
wh(;re the mataiaals nre proportioned by other methods, 
1:2:1 or richer mixtufes are generally used. 

Proportioning hij Empirimt Standards.-* A method fre- 
(jiiently adopted for ^settling the |)rop()rtions of eoner(‘te to 
be us(‘d in dilTen'iit classes of work is to select one Tir otln'r, 
of the mixtures stated or recommended in some handbook 
or cod(‘ of regulations. 

This method of ])roe(*(hir(* may be all V(M'v well in the case 
of ordinary building work or of eoustruetion where plain 
concrete of reasonable strength will satisfy requirements. 
In Veinforeed concrete work, where concrete of the highest 
(juality is necessary, and where ])ri“eise knowledge of the 
various ])ro[)erties of tlu* material is of special im])ortance, 
tli(‘ method now under consideration is nottob(‘ recomnumded. 

It cannot b(‘ too clearly stated that the a(lo])tion of a 
standard mixture does mt. necessarily result in the production 
of concrete of standard (piality. Wid(‘ dirferenees are caused 
by variations in the (]uality and finen(‘ss of the cement, the 
quality, siz(‘s, and grading of tlu* saiul and aggregat(\ the 
methods of iiK^asiiring the constituent materials, and the 
consistency of the mixture, even without taking account of 
(lilT(‘rences due to variations in the important })raetical 
details of mixing, de])osition, and ramming. 

The dangers attending undue reliance* u])on (‘inpirical 
standards as a guide to the proportioning of concrete are 
very usefulk/ brought out in a paper by Mr. T. J. (hieritte, 
M.Soc.lng.Cdv.(Frajiee).* The aulhor j;hows the inadvis- 
ability of blindly adopting hard and fast Sif)ecifie{ftions, 
without paying attrition to the important# question of the 
pereeaitTige of voids in the; aggregate and in tiu* sand. On the 
oiKi hand, it tends to give a false feeling of security and 
leads to the belief that good dbnerete is bound to result 

“ ^ Mixtiiivs for FeiTo-f^onerott^ W^rk,” Transactions of 
the Society of Eyujineers {Incorporated), Vol. IX, 15)18. 
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from tlie msc of cloan and ^ood jmiterijds in tint ])roportiohs 
specified, wliereas under certain conditions tlu‘ (umcrrete made 
in aeconiance witli a <veni.‘rally approv(‘d formnla, sncli as 
1:2: 4, for examjile, is danjy(‘rously jiorons. ^>(Jn the other 
hand, the quantities of mat(‘rials reqnir(‘d to make a eubic 
yard of (concrete may vary within very wide limits, according 
to the nature of the aggregate s(‘lect(‘d. 

Physical Properties of Concrete.— TIic strength and othc'r 
p!iysieaVproperti(‘s of eonend-e ar(‘ alh'cted principally l)y the 
quality and quantity of cement ; tiie quality, jirojiortions, 
and grading of the sand and aggrc'gate ; tlie consist(‘ney, 
density, mixing, de])osition, and tamping of the mat(‘ria.l, 
and th(‘ conditions under which tlu‘ ])r()e(‘ss of hardening or 
seasoning takes place. 

Bearing in mind the numerous factors involved, it is 
evid(‘nt that th(‘ stnaigth of eoneret(‘ must vary greatly, 
and that a d(‘finite standard of stnaigth cannot Ih* establislu'd 
cv(‘n for eoncret(‘s of nominally (‘(pial comjiosition. 

Average values might be staUxl with tlu* obj(‘et of showing 
approximately the strength which ought to Ix^ ])()ss(‘ssed by 
concretes of different kinds, but su(‘li a. slatenu'nt would 
not ])i‘ of much use in actual ])raetiee. 

So many tests have been conducted on concrete^ that th(‘ 
r(‘sults would lill a very large number of ])ages if eolleet(‘d in 
a single volume. Many of the n^ports ])ubhsh(“d are incoiu- 
j)lcte in the respect that th(‘ tests w'(‘r(‘ uiuhatakt'n chiefly 
with th(‘ object of determining the (d’fect of varying sonu^ 
individual factor, all other factors remaining constant. 
Therefore, whih* useful for guidance as to the inlluenei' of 
the governing factors separately eonsideard, rei.ults of the 
kind indicated are not suitalilc as a basis for general con- 
chisiefns, and- may lead to the formation (if iiuuTurate o])inions 
unless all atten'*lant conditions arc fully stat(‘d and duly 
appreciated. 

Factors 'governing the Strength of Concrete.— With 
the foregoing ])oints in vie^% the author has endeavoured, in 
the 'succeeding paragraphs, ‘to denot(‘ the effects of various 
factors on the strength of concrete as shown by prjlctical 
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experience land thcf Jesuits well-auth^nticatccj tests, but 
without rei)roducing tli 4 ' results of the latter in a form that 
inight conduce to possible njisopliception. 

ProportiorP of Cement . — As a general rule the compressive 
strength of c»nerete, other things being equal, may be 
regarded as varying wtth the })roportion of cemenC per un^t 
volume of the concrete. The variatioifs shown by the 
Jerome Park tests, .conducted by Messrs. W. B. Fuller and 
Sanford K. Thom})sou, may be expressed for difirrent pei;- 
(!(‘nhages of cement as follows, the strength of tlu' concrete 
(iontaining 8 })er (H‘nt. of eenuMit beitig taken at unity — 


IV‘r<‘<‘utaj;(“ of 

S 

10 
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Uolat-ivc* compiH'Ssivc , 
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In tlu'se tests th(‘ density of the concrete was practically 
constant, and tlie s])ceimens of concrete were of similar 
quality. 

Size and (^aaliffj /ggrcg///r.v.— Reliable tests show that 
witli w(‘ll-gra(l(‘d aggre^gates th(‘ density and strength of the 
coricrete increase with the size of the larg(‘st particles, and 
1h(‘ amount of c(‘inent re(]uired decrease's as the size of the 
largest ])articles incr(‘ases. 

The advantages thus obtainable arc practically confined 
to plain (foncrete work, as in reinforced concrete construction 
the larg(‘st particles ol‘ the aggregate must be comparatively 
small in order to enable them to pass between and around 
the bars and other members of the reinforeement. 

Aggregates of low compressive strength, such as soft stone, 
brick, (rinder, an^l some varieties* of slag, necessarily produce 
weak concrete. The hard(‘st and toughest (pialities*of rock 
yield coiuTc^te w]iieh is usually aomvwtmt stronger than 
gravd concrete. In a general way, however, the difference 
is so small as to be })ractically negligible. Gravel concrete 
is frequently preferred for tlfi^ reasons that the aggregate 
has a simdler ])ercentagc of Voids than broken stone?, that 

TranBavlions of the American Society of Civit EnyineerSf Vol. LI5J!. 
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the ])(‘bl)l(‘y sli(i(‘ Ijcttor into place to thfnr rounded 

sliape, and that tli(‘ resnitin" conci^jbe is generally superior 
in res])eet of iinpenneahilitp, ' ^ 

The figures in the subjoined tabl(‘ ar(‘ giv(‘n ai' an a|J])roxi- 
niatcly (!<>rr(‘et guide to th(‘ comparative strength of concretes 
made wi1?h different classes of aggi’bgatcs tlu^ strengtli of 
granite and traj) t;()ner(‘te being taken at unity. 

t 

, 0 Drsu'tiplioH of Rclalivc Slrrnylh. 


(ilranii.<‘ ;iml 'lYap .... 1(10 

(ilra.Vf‘l, Hard Lhur.sl-oiu! and 

Saudst-oiu' 000 

Soft. lamosiionc and Sandsioru* . 0 07 

('indors and othor weak 

Af;sr(‘^^ati‘S 0 25 


Crmsisfrncif. So far as eompressiva* strcaigtli, density, and 
iTn})erineability are eone(*rned, th(‘ b(‘st results are obtained 
by mixing eonerete vvitli sullieient water to make a mixture 
capable of (lowing slowly in the moulds. 

Dry mixtures (h'velop gr(‘a.t(‘r strength than moderately 
wet mixtur(‘s at first, but the latter attain su))crior strength 
after the la])se of five or six months. In using dry mixtures 
it is (lillieult to secure uniform eonsisteney and to obviat(‘ tlu' 
risk of voids. On the other hand, in v(‘ry wet mixtur(‘s the 
cement and sand are apt to How away trom tlu^ particles of 
aggregate, and the resulting eonerete* is always w(‘ak(‘r tlian 
that given by dry or moderately wet mixtures. Another 
disadvantage attending the use of very wet concrete* is that 
a proportion of tlu* e(‘ment comes to the sui’faee iai the form 
of “ laitance,” having Jost practically all its sedting ])roperties. 

For KMTiforcrd eonerede work, modcTately wet mixtures 
are })enelicial forfithe additional reason^ that, in flowing 
around the reinforcement, the material eleposits a coating of 
cement u})e)n‘ the stee*! and effectively predects it from 
corrosie)!!. * 

Th6 relative compressive s^re-ngths of elry, moderately 
wet, and very wet be)ncretes u]) to the age of six mortths 
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arc represented ny ^ne curves in Fig. ^0, whirli is based 
upon%tests eonduet(‘d af varii)us bdxwatories for the Ajnerieaii 
•Conclude Institute'. 

Mixing.— The consistency of concrete is affected by 
ellieient mixing as wejl as })y the ])roj)ortion of waiter used. 
The strength of concrete; alse) de])ends ny^ite'rially upon tfee 
t}iore)ughness of mixing. 

(looel cemcre'te call l)e secure;d eitlier by Iiand e)r niae;liine 
mixing, but in the fe)rm('r ease the dillieiilty is to ge‘t*tAe 
work ele>ne; ])roperly. The mate'rial must be tunu'el over 



A^e of ( onc^ete m Years at Time of Testing 


Fie;. 10 

the)re)iighly, tlie sliovels must find the;ir way tei tlie boards, 
and the; mixture must lie jiicke'el u]) from the l)otte)m anel 
turned e)ve‘r anel over again. Tliis is harel work, and, e'speeially 
in warm weatlu'r, the' men are inelineel to ))eee)me‘ e)})timistic, 
and te) believe that a liateh e)!’ eonere'te is finisheel ,when in 
reality it is only abeiut half mixe'el. 

Mi^diine mixing is always to be pre'ferre'el, fe)r the reasem 
that the work is meire theiroughly performed and the resulting 
concrete is stronger than coni;rete e)f the same proportions 
mixed by^hand. 

^Comparative tests eemelucte'el some; ye*ars ago at tjie 
Watertown Arsenal, U.S.A., on hand and machine mixed 
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couor(‘t(*s Sliowed fj\ adv.anta^e of 11 f)^ cent. favour of 
machine mixing, the criterion being tlie compressive st;'ength 
of test s})ecimens made froi^i'^thp various batches of co^u^rete. 
Anotlier series of tests at the same place indicated an advan- 
tage of more than 25 per cent, in favour of niachine mixed 
concrete. The r(?sults of similar tests at the University of 
Illinois on a large number of specimens showed that the 
average ^compressive strength of macldne mixed eonerete 
was nearly 28 ]3(‘r cent, greater than that of hand mixed 
eonerete. 

On large (contracts, machine nuxing is adopted as a matter 
of course, owing to its convenience and economy. On v(‘ry 
small contracts, hand mixing is generally more economical. 
Und(‘r exceptional conditions, where space is not available 
for the installation and operation of mixing jilant, the 
(jontractor has no choice in the matt(‘r and must ptTforce 
ado})t hand mixing. 

In order to compensate for the lower elTie.iency of hand 
mixing, the pro})ortion of cement should be iner(‘as(‘d by 
from 10 to 15 per cent, in cases where this m(‘thod is em})loyed. 

Trcalment of Mint'd Concrdc.- — Unless eoncr(‘t(‘ is used 
before initial set has commenced and while the state' of 
perfect admixture is maiutaiiied, the stre'iigth of the matc'rial 
may be seriously impaired. The? re'asons are that the 
re-working ol' concrete which has ])artially set has the effect 
of breaking u}) the crystals already forme'd aiui of reducing 
the interlocking (‘fleet r(‘sulting from tlui crystallization of 
the cement under normal conditions. 

Tlu? strength of concrete is also affected by the maniU'r in 
which the material is deposited and consolidaied in the 
moulds, and by the CvUiditions prevailing vhile it is in course 
of hardening. ' Concrete seasoned in air should be kej)t moist, 
especially in hot and dry weather, as meisture is conducive 
to the process of crystallization and therefore tends to 
promote increased strtmgth. An excess of water is prejudicial 
whel^her in mixing or after deposition, because it gives rise 
to the formation of the inert substance known as*“ laitance.” 
T'his is frequently liberated from concrete deposited under 
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water tiiKi ^iierrvrr iit. is likely to occur, ^the pr(j|3ortion of 
ceiTieiiJ should be increifricd by aboi^t 15 [)(‘r to coni- 

pcusat(^ for the reduced streu^jftlf lhat would oth(‘rwise result 
h-om the loss’of cement by laitaiice. 

of ConcMc, Nuuutous t(‘sts extendin^r over long 
periods of time demonstrate the fa.et that conende increases 
in strength 'with age. The rat(‘ of inerease is rapid at the 
start, and gradually becomes slower. So far as_can be 



inh'rred from ex])eriuiental r(*sults, and the pr(‘sent condition 
of works executed long ago, there appears to b(‘ no reason 
wh>' the increase of strength should not continue indehnitc'ly. 

As usual in the* ease of (‘xperimentai records, the n^sults 
of t(‘sts exhi})it variations. C’onsetjucaitJy^ djagrams pub- 
lished jn dilTerent fcreatis(*s are not in j)re(‘ise agreenamt as 
to the rate of inerease with age. For general guidance in 
praetieal construction, Fig. 11 J^nd the subjoined table may 
be tak(‘n as a fair interpretation of th(‘ av(‘rag(‘ r(‘ii\dts 
furnished by many series of t(‘sts in tl]is country, in thc^ 
United States, and on the Continent. 
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L' Jf/? of ConrrHcs 

Betrdive SircH(}ni. 

I iiiout.h . ". . " . 

roi) 

() months . . ‘ . 

ir>o 

1 year 

l 78 

2 years 

rits 

8 y(*ars 

2 00 

7 years 

2 10 


In fiomc cases, inueli In^lier rates T)f increase have been 
' evidenced. Foi* instance, six series of lon^ period tests on 
concrete used in tlie construction of tlu; (Jeneral Fosi Oilice* 
Extension, showed increases of strength over tliat at 54 days 
of 75 pc‘r cent, at six months ; ]()() ])er cent, at eighteen 
months ; 135 per cent, at two years ; 180 |)er cent, at thrc'c 
years ; and 221 per c(‘nt. at five ye'ars. 

Compressive Strength .— From wliat lias h(‘en said in the 
preceding jiaragrajdis, it must be evident that it would be 
impossible to formulate a reliable statement predicting tlu* 
exact strength that will be possess(‘d by concrete mixed in 
any given proportions. FiX})erim(‘ntaJ results vary b(*twecn 
very wide limits, and it is not desiral.>!e that either tlie 
minimum, the uu'an, or the maximum value taken haphazard 
from some published record should be used as a basis for 
practic^al designs relating to reinfor(;(‘d coucr(*te (tonstruetion. 

The engine(‘r who wishes to combiiu* salety with maximum 
economy must be in a ])ositiou to estimate* with a close 
ap])roach to accuracy the effects of tlu* various factors 
governing tlu* strength of the concrete* which he jiroposcs 
to use. In some case s previous cxperi(‘iice may be a sullicient 
guide, and in others it may be necessary to obtain additional 
data by testing s])ecimeus of the coiuerete. 

For the f)urj)oses of the present work/ut will be sullicient 
to state the conchruons of a few leading authorities concerning 
the minimum and maximum values for the c()m])rcssive 
strength of concr(‘te. 

In their Second Report, the ll.I.B.A. Committee wisely 
reepmmend that “ before the ^detailed designs for an important 
work are prepared,” specimens of the concrete should be 
^ tested and that “ the average of the results should be taken 
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as the strongtlijol' the eorfcrete lor Mie purpose?; of ealciilation.” 

I In the cgisc of concrete ulade jii projiDrtious of 1 cement, 
2 fikiid, i hard stone, the Uepc^rt^ays that tlic compressive 
strcnj^th siiould not be less than 1,800 lb. per square inch at 
28 days, and that*su(di a concrete should develop a strength 
of 2,400 lb. ])er s(|uarc inch at 90 days. 

Thti London County Council Regulations for reinforced 
concrete buildings giv^ minimum values for cone ret(^ com- 
posed of cemcMit, sand, and aggregate consisting of gravel or 
liard stone, and mixed in diffenait jnoportions. 

Th(‘ ])roportions and minimum values ar(‘ stated in the 
subjoined table— 


PaopoimoNs nv Volvmk. i (Vaipuessivk: Stiikn(jth 

(Minimum). 


( V-RR’/j/. 

Sand. A(i<jm/((fr 

1 Af/r 1 ni(pnih. 

j A<iP i months. 



1 11). ])(*!* s(j. in. 

■ II). ])(‘r s(j. ill. 

1 

2 1 

1 1,()0U 

, 2,1(10 

P2 I 

2 I 

l.SOU 

i 2,000 

IT) 1 

2 4 

1 2,IM)U 

2,S00 

2 

2 1 

i 2.20U 

1 

0,000 


The Regulations include a formula for calculating the 
minimum compressive slrcaigth of concrete in intermediate 
projiortions, but do not provide for the (‘conomic use of 
concrete poss(‘ssing more* than the minimum strength 
contem])lated for each specilied or any intermediate mixturi*. 

The Report of the French Commission du Ciment Arme 
gives average* values for grave*! e*oncre‘te, basenl on ex])eri- 
mental iTsults. The French value's, e‘xpre.‘ssc*el in British 
units anel witJii the proportions state*el in the* manner adojited 
in this country, arc given in the feillowing table— 


Proportions av X’olumk. 


A VKP AUK ( '( >M Pl«0S^l VE*S'L'a KN UTTI 
(Maximim). 


Cnncnl. 

1 Sand. 

j Afjymiatc. 

A(fv 28 days. 

Aye 90 days. 




lb. i»*r sq. in. | 

lb. per sip in. 

1 

I'Vi 

:v5 

tl,520 i 

2,280 

1 1 

1 50 

, 012 1 

1,700 

2,550 

1 

107 

2-75 1 

1,890 i 

2,850 


(Sl.'W) 
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The cAmcricj&n Joint Committees bn Conc^^’etc and Rein- 
forced Concrete recommend that the maximum values 
tabulated below shoitic) ,bt‘ ado])ted for the^ ultimate 
compressive strength of concrete. ' 


Proportions by Volume. 

Ultimate Compressive Strength 
(Maximum). 

( > 

Cement. , Sand. A(i<jre(jaie. 

1 Grav^el, or 
(iramk hard Lime- 
or trap, i sUme or 
Sandstone. 

Soft TAmc- 
sione or 
Sandstone. 

Cinders. 

! 

lb. per. ! lb. per 

lb. per 

lb. per 

i ! 

S(i. ill. j s(i. in. 

sq. in. 

sq. in. 

12, 4 

2,200 2,000 

1,500 

000 

1 rs :i 

2,800 1 2, .500 

1,800 

1 700 

1 I 1 , 2 

3,800 8,000 

2,200 

! 800 


Comparing the minimum values, which ar(‘ virtually the 
maximum values, of the London County Council with the 
maximum values of the American Joint Committee, we 
find considerably different estimates of ultimate compressive 
strength. Thus, for 1:2:4 and 1:1:2 mixtures, we have — 


PiiopoimoNs. 

Authoiuty. , Agoiibgate. 

I 1:2:4 1:1:2 


L.C.C. H(‘^ulations . 

A 1 1 1 ( *ri(:an C< )iiiinitUie 

The explanation of these wide differences is probably that 
the L.C.C. Regulations have been formulated with a s})ecial 
view to the establisliment of safeguards against inferior 
work by builders with insufficient experience of reinforced 
concrete construction, while the reiommendations of the 
American Committee are intended for the guidance of 
professional men and experienced contractors. 

, An admirable feature iij the Report of the R.I.B.A. Com- 
mittee is the recommendation that the actual strength of 
the concrete, as ascertained by tests, should be taken for 


1,000 

2,200 

Cranitc, trap, gravel, 
or hard stone. 

2,000 

8,000 

(i ravel or hard stone. 

2,200 

8,300 

j (Iranite or traf). 
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the pury)()ses o4 calculation. Thiii proviso is'’ a direcf encour- 
agcnicnl^to those who aim at*the| production of concrete 
of *the higliest^ possible cpiality, \ind the example of the 
Committee is one fully deserving imitation. 

Concrete of considerably higher compressive strength than 
the maximum^ value recognized by any public authority has 
been produced for some years past by experienced engineers, 

and further advances* have been made since the jrecent 

* 

development of (ioncrete shij)building. 

A cas(‘ in f)oint is furnished by two series of tests made 
for H.M. Olliee of Works by Messrs. David Kirkaldy & Son, 
on concrete as used in building H.M. New Stationery Office, 
London. The concTete was moulded in the form of G in. 
cubes, which were tested at th(‘ age of 28 days. The results 
ar(‘ summariz(‘d in the table below — 


PRoCoaTK^NS. 

No. OK Tests. 

AvEKAOE ('OMPllESSJVE STRENOTH. 

■■ 


lb. |M*r sq. ui. 

1 : rC) :;V2 

IS 

3 , 0.58 

1:1 : 2 

10 

4,840 

Still higher r 

esults have been obtained from tests of sj)ecial 


concrete for shiy)bui]ding work. As an example we give bc*low 
the average com})ressive strength of G in. cubes of eoncr(‘te 
prepared under the direction of Major J. H. dc W. Waller, 
D.S.O., R.E., at Lake Shipyard, Poole. The tests were 
conducted in May, 1918, by Messrs. D. Kirkaldy & Son. 


PROPORTION.S.^ 

i Acje. 

No. OP 
Tests. 

Average 

1 CoMiMiEKsivE Strength. 


1 • ' 


lb. i)er aq. in. 


8 days 

3 

* 14,800 


28 „ • 

3 ! 

1 

7,070 


Tensile Strength.— Numerous tests have been made from 
time to time .with the object <«1* determining the tensile 
strength of different qualities of concrete. Jlut the number 
of such tests is small in comparison with that of other tests 
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of the *sanic inalerial, an^i tlu^ results are s(f disjointed that 
they afford little gtiidqnce' to the engineer who 'Vlesires to* 
estimate the probable tei&ile strejigth of any * particular 
kind of concrete he may have under consideration. 

The statement has been made that the tensile strength 
of eoncr(‘te u usually of little importance b(jcause it is 
neglected in the design of reinforced concrete beams and 
kincKvid members. The tensile strength of concrete is,' 
however, of mueh importance as it is directly connected 
with the resistance of reinforced concrete beams to diagonal 
tension. Consequently, the subject is one deserving much 
greater att(mtiou than it has so far received. 

The tensile stnMiglh of concrcie is generally regarded as 
being about one-tenth the com])rcssive strength of the 
material. There is, however, no definite connection between 
the values in (piestion. 

The nature of the sand and aggregate appear to produce 
more effect upon the tensile than upon the com})r(issive 
strength of concretes and the same may b(‘ said of the 
proportions of the mixtures and the workmanshi]). 

Owing to j)ractical ditliculties in the ])rcparation and 
testing of specimens, the results hitherto obtained are 
generally lowen* than the true valu(‘s. especially of the 
superior qualities of concrete produeenl of late, and it is 
Lo be hoped that more light will be thrown iq)on the subject 
by systcanatic investigation. 

From the well-known tests of Prof(‘ssors llatt, Ilenby, 
Talbot, Spofford, Woolson, and others it may be inferred 
that stone or gravel concrete in the pro])ortions of 1:2:4 
should develof) a tensile strength of between 2001b. and 
3001b. pqr scpiare inch at the age ol’ 28-30 days. These 
figures relate Co the bnaiking stress of plain concrete, and it 
is important to bear in mind the fact that thi' ultimate 
failure of reinforced concrete intension is appreciably retarded 
l)y the co-operation of the steel. 

* Transverse Strength.^— As beams can Iyj tested to des- 
truction with le!is complicated appliances than those ‘required 
for crushing tests, and as the results are more reliable than 
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those obtained ty direef tension tests, the trails verse strength 
•of concrete is very frequently evnpltjyed as an index to the 
tensile aiuj the eoinpressivc strc^wgfh of the material. 

One of the mos\- eom[)rehensive series of transverse strength 
tests is one coriduclcd by Jlr. W. B. Fuller, at Little Falls, 
New Jersey, on a large number of G in. by in by 72 in. 
beams, with 36 in. and 00 in. spans, made of neat cement, 
mortar, and eonende in proportions ranging down to 1 : 10. 

Pull details are given in Concrete^ Plain and Reinforced^ by 
rhornpson and Taylor. For our imisent pur])ose the following 
average results for eoner(‘le arc (pioted - 


I^roporlitins In/ 
Voimm'. 


\iic when 
fested. 


]\todulns 0/ linpinrr 


days lb. p(‘P sep ifi. 

1:1:2 :i:i i 710 

1:2:2 „ ' 471 

1:2: 4 ! 120 

1 : 2:0 „ 220 


According to Fend’s (‘xperiinents, llu* ratio of the modulus 
of rupture to tensiU' strength is jmiclically eonstant at 1*95, 
and may be takem as ranging from 1 *5 to 2 in geiuu’al ])raeti(;(\ 
The ratio of the modulus of rupture to compressive strength 
usually rang(‘s from ] to and appears to vary with the 
age owing to the more rapid growth of the eom})rcssive 
strength as eonqiared with the tensile strength of eoncrede. 

While the values derived from the r(‘sults of transverse 
tests may be opcai to question, they are sutlicicntly aeeuratc 
for comparisons and other purposes. 

Shearing Strength.— Until comparatively n^cent years, 
the shearing strength*of concrete was very generally stated 
at little more than ()ne-t(*nth the compressiv* f^trength of the 
material. .The rcasoiiHP for the low value formerly accepted 
appears to have been cither (1) that the methods adopted 
for the determination of shear pcrjnitted the failure of the 
test specimens by diagonal tensio]^ long before the ultimatie 
strength in shear had been reached, or (2) that the term 
“ shear ” was used to denote complex action such as that 
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taking place in' the web (df a bearfi, where again diagonal 

tension is a governing faj;tor. In f^itlier case the resylt would < 
be the same, namely : the'suhstitution of the tensile* strerigth 
for the shearing strength of the concrete. 

Imgroved methods of testing, wljich provide for elimination 
of the effects o/ diagonal tension and beam stresses generally, 
have demonstrated tlie fact that the strength of concrete in 
direct shear is actually from 00 ])ei^ cent, to 80 per cent, c 
of its strength in direct compression, and in some cases the 
percentage is still higher, as shown by the following table — 


StIIUN(JT1I ok CoNCMJKTK in l)mK(T SUKAH. 


Proparliofts. 

Shenring 

Strength. 

('omprcHHirc 

Strength. 

A ulhorittf. 



11). ])(‘f sq. in. 

lb. per sq. in. 


1 

2 ; 4 

1,180 

2,2d5 

Prof. SpoPford 
„ Talbot 

1 

2 : 4 

i laiH 

2,210 

1 

a : r> 

1,150 

1.110 

„ Spofford 

1 

2 : (» 

1,250 

2,200 

„ Talbot 


These and other results are to ]}e found in Bulletin No. 8 
of the University of Illinois, 1900, and are suflicient to 
illustrate tlu^ jioirit tliat shearing stresses, in thcnnselves, 
can generally be resisted by concrete without th(‘ aid of 
reinforcement. The ease is different, however, when shear is 
employed as a convenient measure of diagonal tension, for 
which careful provision must always be made. 

Poisson ’s Ratio.- The ratio of deformation at right angles 
to the stress, to deformation in the direction of the stress 
in any material is termed Poisson’s Ratio, here denoted by 
the symbol 11. ♦ 

In the disc ofi concrete the value of the ratio varies from 
T1 = 0*5 to II ^ 0*25. Professor Talbwt states, in yniversity 
of Illinois Bulletin, No. 20, 1908, that for 1:2:4 concrete 
he found the value of Poisson’s ratio to vary between 0*10 
apd 0*17 up to about on^-half the ultimate load. Beyond, 
this point the value increased, the maximum *being pjj^obably 
0’25 at the ultimate load. For the purpose of calculations 
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where ordinarji working stresses are involved, O'lO is a fair 
average walue for use. 

Elastia Modulus.— The claittii? modulus of concrete is 
represented by *the quotient of the stress per unit area 
divided by the stVain (either tensile or compressive) per 
unit length, and where pounds and inchcii are adopted 
as the units the modulus is expressed in pounds per square 
inch. The deformatidu of the concrete under losjil is 
measured by an extremely sensitive instrument, and the 
measurements for the- different loads are plotted so that a 
curve is obtained showing the relation between stress and 
.strain througliout the range of the test. 

While the form of the curve is approximately jiarabolie, it 
follows what is practically a straight line until the stress 
has reached from 300 lb. to tOO lb. per square inch, and 
although the curve becomes greater beyond such a ))oint. 
it is usually regarded as being replaceable by a straight line 
within the limits of working stress. This line is the basis 
of the “straight line” theory of reinforced concrete. 

Values given for the elastic modulus of eoneri'tc range 
from 300,000 lb. to over 7,000,000 lb. per square inch, as 
determined by diffeurnt investigators, the extent of the 
variations being due to the quality and age of the concrete 
and the basis upon which the modulus is calculated. There is 
also some differenee between the values of the modulus lor 
compression and tension, respectively. 

Even if all existing data were of approximately uuiiorm 
character, it would stiH be imiiossible to slate in advance a 
precise value for the modulus of any given (lualily of concrete 
that might be used in iiraetical work. Therefore the average 
value of 2,000,000 lb.*per square inch generally recommended 
is one that can be safely adopted, cspeeia«y,as this corre- 
sponds fairly well with results obtained in numerous tests 
of beams, and as a considerable variation in the value ol 
the modulus has comiiuralivcly litile influence upon design. 

Elastic Limit.— Although, strjptly sjieaking, compete has 
no. elastic limit, there is a j.oinl in test (liagrams beyond 
which a marked change in behaviour is noticeable, and this 
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point may be Vegarded as denoting the elastic limit for 
practical purposes. Froip experirAents by Bach, vav Ornum, • 
and others, this limit mAy «be plac(;d at from ovc-half to 
two-thirds the ultimate strength of the concrete. 

Coefficient of Expansion an^ Contraction. — As gener- 
ally assumed,, the eoelficient of expansion for concrete 
approximates closely in value to that for steel, an important 
pointy borne out by the comparison t)f experimental results « 
with the value of the eoenieient for steel. 

In three s(‘ries of tests conducted by Professor Pence, at 
Purdue University, on 1:2:4 gravel and stone concrete, 
the average valu(‘ of the eoellieient was ibund to be 0*0000055 
per degree Fahrenheit. The values ascertained at Worcester 
Polytechnic Institute^, IT.S.A., and at Columbia University, 
U.S.A., wer(‘ 0*0000050 and 0*0000004 in one case, and 
0*0000005 in the other. 

To calculate the total change of length in a eonen’^te 
structure in eonse(|uenee of temperature variation, it is only 
necessary to multiply the eoetlieienl by the product of the 
original length and the number of degn^es Fahrenheit above 
or bellow the original reading of th(‘ thermometer. 

Expansion and Contraction During and After Setting. 
— If the setting of concrete takes place* in watc'i*, the eonerete 
tends to expand, while on the* e)tlier hanel, if the proee'ss e)f 
setting is conelueted in air, the ce)neaTte she)ws a ele‘e*iele*el 
tendency to shrink. In the latter e*ase, internal stresses will 
be eause?ei. Fx|)eriniental elata are ne)t conclusive as te) 
the change of volume that may be e‘xpe*e*ted under 
either set of conditions. It is a fair inference that the 
expansion or contraction taking place must be approximately 
proportional to the amount of e(‘ment pdr unit volume, as the 
sand and aggje^ate cann()t be affected to an a})i)reeiable 
extent. ** j 

In a paper contributed to the Western Society of Engineers, 
Professor A. 11. White sl^ows that concrete, even if a good 
nyiny years old, will expa^id if immersed in water and will 
shrink if dried, i\nd that such changes of volume are*greater 
with rich than with poor concrete. 
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Resistance^ to Heat Conduction and^ Fire. -* From a 
series (4‘ conductivity oji stone, and cinder 

cofierctes, Professor Woolson, Folund)ia University, drew 
the conclusions ])riefly suinTuarizcd below. 

1. All concreted bave^a very low tlu'rmal conductivity 
wherein lies their ability to resist lire. 

2. Wh(‘n tlie suitace of concrete has been (‘xposed for 
hours to great heat, the temperature of the concrete in. or 
less beneath the surface is several iiuiidred degrees below 
that of the outside. 

3 . At a point 2 in. beneath a surface exposed to an outside 
tem})erature ot 1,500'’ F. for two hours, the concTcte will 
not be ra,is(‘d in tem])eraturc more liian from 500' to 700", 
and at points 8 in. or mor(‘ ))cn(‘atli the surface, it will not 
be l)eat(‘d above Ihc boiling point of water. 

In another scries of tests on the eonductivity of steel bars 
cnil)(‘dded in concrete and ])rojecting tluTefrom, Ihofessor 
Woolson obtained })ractically identical resulls from cinder 
gravel and stone* concrete's. When the* te'mperalure of the 
bars and the concrete* from whiedi llicy • ])rojce*te*d was 
1,700" F,. the tennperaturcs rcaedied in the (*mbedde‘d sled 
at various distance's from the he*atcd surface w(‘re : 1,000" 
at 2 in., 400'' to 500' at 5 in., and 212" at S in. His conclusieni 
is to the clTce't that ceaicrete is a v(*ry e‘lTK*i(*nt proteelion to 
the cmbedeled stex*!. 

OtheT te\sts and the data .furnished by numerous fires in 
all ])arts of the* world clearly demonstrate the* clheacy of 
rcinforc(*el conen'te as a fire^-resistiiig material. After pro- 
longed exposure to se;verc he*at, it is only te) be* cxpectcel that 
th(i surfae*c may lx* damag(*d, but the cone*re.‘tc beneath and 

the* imbeeldcd ste'cl tire scarce! v affe'cteel, and the e*onstru(*tie)n 

*. . * 

as a whole re'tains its int(*grity, re'epjirin^ yttle more than 
superfieijil re'pairs to make ge)eKl the clT(*e;ts e)f fire and 
water. 

As a general rule, tlic hardest a|id densest kinds of concrete 
are the best for withstanding l^eat, but cinder concrete if 
of nojT-combustible charact{*r, offers considerable resistance 
to the transmission of heat owing to the low thermal 
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conductivity of the air confined in the pores of tlie aggregate. 
It must be remembci^ed,^ Iiowevcr, that cinder concrete is 
unsuitable for any work Where strength is an important 
factor. 

Gravel and stone concretes may, be rtdied upon for good 
* results, but varieties of stoiu^ containing a large proportion 
of quartz arc apt to split ; and others, such as limestone, 
suffer ^jsintegration when exj)osed to "severe heat. 

Watertightness. ^ — In making concrete for use in com- 
bination with steel, it must always be remembered that 
watertightness, or impermeability, is often as important as 
strength. For ordinary construction, the (piality of imper- 
meability is frequently of minor importaiuie. But where 
concrete has to protect the embedded steel from corrosion, 
and where reinforced concrete is cm])l()yed in structures 
such as reservoirs, tanks, swimming baths, shi])s, barges, 
floating docks, caissons, conduits, underground chambers, 
and many others which need not be j)articularizcd, the 
greatest care must l)(‘ taken to render th(‘ c{)ncrete capable 
of effective resistance to the passage of water. 

There is really no serious diflicidty in attaining this 
end, provided that the constituent materials arc* properly 
chosen, seicntilically pro])ortioned, and thoroughly mix(‘(i, 
and that the resulting concrete is carefully d(‘|)osited and 
rammed. 

Aggregate of non-porous character can easily be obtained, 
sand is non-porous and ccmtait is non-porous after it has set. 
It is obvious, therefore, that water can only ])ass through 
concrete if any voids between the particles of the sand and 
aggregate remain unfilled by cement paste'. 

In ^seientifically proportioned concrete, 'the voids originally 
existing in tlie (iggregatc arc filled as far as practicable by 
sand, and the voids originally existing ih the sand arc filled 
by cement paste, of which at least 10 })er cent, in excess of 
the theoretical (piantity sliould be used as a safeguard 
agiiinst possibles inequalities <of composition due to imperfect 
mixing or the partial separation of the ingredients (luring 
the interval existing between the delivery of the concrete 
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trom me mixer ana its acpositioji in the mhulds. Again, if 
too muq^ water is used, the cepicnt mortar will tend to flow 
aWay frojn the jiartielc^s of aggnegfite, forming porous “ stone 
pockets,” and if there is too little water porosity will also 
result. Thereford, a haj^Dy medium should always be the 
aim of the engineer. 

However well the eonerete may be proportioned, mixed 
and deposited, there may still be leakage through vertical, 
horizontal, or other joints occurring between portions of 
the work cxecutetl on successive days or at longer intervals, 
but by the excrc^ise of jiroper care all such joints can be 
made impermeable. 

Practical experience during the past (piarter of a century 
shows that well-made concrete is practically impermeable, a 
fact demonstrated by the satisfactory behaviour of thousands 
of water reservoirs and tanks with thin walls. As an almost 
invariable rule, it has bec'ii found that any leaks exist- 
ing in such structures occur at the joints, thus pointing 
to the im})(M’m(‘ability of the concrete and to faulty work 
at the joints— a defect avoidable by the exercise of proper 
care. 

The recent development of concrete shi])building in the 
Unit(Hl Kingdom has had the effect of directing further 
attention to the production of impermeable concrete, par- 
ticularly in consequence of the necessarily strict requirements 
of the Admiralty and the Shipping Registry Societies. 

The results of the laboratory tests conducted on concrete 
for shipbuilding f)urix)ses during the year 1918 constitute a 
most valuable series of records which it may be hoped will 
some day be published. 

One point useful^ emphasized by these tests is that the 
adoption of apf)arently satisfactory propdrtiouf? of cement, 
sand, aivl aggregate* will not ensure the impermeability of 
the resulting concrete in all cases. The fact is that a large, 
and even a lavish, proportion of^ cement will not suffice to 
make impermeable concrete unless the character and gracing 
of th^' sand ’and aggregate are such that all voids arc 
abundantly filled by cement paste. 



44 ' KEII^FORCED CONCRETE , [Chap. ll 


TAfaLE TI. " 

liBSULTs OF Percolation T>Kj^T.s (^onditcted by Messes'; David 
I vniKALDY Son on (V)N(’H.E'fE Slabs, MEAsuiaNO 9 "x 2". 
Water Pressure ai’plied over a Surface of W ' diameter. 


Composition of {^ini’Kktk : Af^grp^atc 27 cub. ft., i^ancl 1 3 J t-uh. ft., 
(Vrucnt Sj cwt.. sulijcct to variations wit i (he juTci'nla^o (>1 vouls. 


Aqe 

No. n) 

Kind 1 

"./ 1 

Aggrcgatr. 

Prv.smre 
per 
sg. ,u. 

Dura- 
tion oj 
Test. 

Bcmnrks. 

1 20 itays 

GrariiL' 

:io III. 

4 days 

Siirfaei' dry diirinii; 2 days; about 
.|i'd (»f surface damp on 3rd day, 
iait this bi'came comjdetely dry 
on 4tb day. When broken, 
water had ])enet.rated ip. 

2 20 (lays 

Craiiilo 

. 

:{0 11 > 

t days 

.About 1 of surface damp after 

1 day and water staiKlmK on 
hurfai’o on 3rd day. When 
brokfai. slab was completely 
saturated. 

3 20 (lays 

VVhmsIonc 

.‘{0 li>. 

4 day.-! 

Surface covi'red with water after 

1 day. WhiTi broken, slab was 
eom[)letely saturated. 

■1 2S (lays 

(uot statod) 

30 lb. 

4 days 

Surface diy throughout t/cst. When 
broken,' wdter had i>en(»trated 
U". 

r» 28 (lays 

(riot stated) 

30 lb. 

i 

J 

1 

4 (la>s 

,\bout l^vd of surfac(> became 
danip in 2 hours, and alaait ^ 
Hurtace damp in 4 hours. 
Slab then began to dry. On 
2nd day, the surfac(* was quite 
dry and remained so during 
3rd and 4th days. VVlien 

broken, water had pi'netrated 

if. 

0 28 ila;ss 

(not staff'd ) 

1 30 lb. 

1 

1 

j 

1 days 

Surface was dry on 1st day, but 
about 4 becaiiK* damp during 
2nd day. Danqmess gradually 
i disap[)('a.r(‘d and surface was 

dry on 4th flay. When broken, 
slab was just completely sat- 
uratf'd. 

7 4 1 (lays 

(.lot stated) 

30 lb. 

1 days 

Surface dry throughout test. When 
brokfm, water had penetrated 

8 ,41 (lays 

1 

(not statcal) 

30 lb. 

4 days 

Surface dry throughout test. 
When hrfiken, watfT had pene- 
trated P (P at one small spot). 

1 

9 41 (lays 

(not stated) 

30 lb. *' 

4 days 

Surface dry throughout tost. 
When brfiken, water had peno- 
t rated " ( P at one sinAll spot). 
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A tew typical results arc givem iu Table tl, the t?est speci- 
mens imevery case being ol eoncre^ prApoilioned as ibllows — 

Aggregate, well graded nfixfure of stones 
^ from I in. to ^ in. gauge and free from sand . 27 cub. ft. 

Sand, a well graded n^ixlure of grains from 

Jin. gauge downwards . . . * . 13^ „ 

Cement " 

These proj)ortions to* a])ply as long as the percen.Vige of 
voids in the aggregate does not exe(‘ed 50 per (‘cnt. If that 
limit be exceeded, a eorres})onding (jiiantily of sand and 
cement to be added. 

Waterproofing Compounds, -Various foreign sul)stanees, 
such as hydrated linu‘, linely-})ulverized clay, alum and soap 
in solution, and f)otash soap in solution, are much advocated 
by adv(‘rtising firms for the ])urpos(‘ of sc^enring watertiglit 
or vvater|)roof ” concrete. 

The following opinion as to the us(‘ of such substances is 
to be found in a re})ort issued by the United Slates Jtureau 
of Standards — 

The addition of so-called ‘ integral ’ waterproofing com- 
pounds will not compensate for lean mixtures, nor for poor 
materials, nor for poor workmanship in the fabrication of 
the concrete. Since in })raetiee the inert integral (‘ompounds 
arc added in such small quantities, th(?y have very little 
or no effect on the permeability of the concrete. If the same 
care be taken in making the eoncrede impermeable without 
the addition of waterproofing materials, as is ordin- 
arily taken when VN^aterproofing materials are added, an 
impermeable concrete can be obtained.” 

Trowelled Surfaces. -The watertightness of eon(‘rete sur- 
faces can be eonsiderablv inen^ased by trowelling the majberial 
as it is deposited. Majo'r .] . H. do W. Wallei* IJ.S.f)., R.E., who 
has madpe use of trowMled })lat(hs of reinforced concrete in barge 
building, reports that samples of a })late 2 in. thick finished 
under working conditions were tested and found capable of 
withstanding, a head of water of itSO ft. for two hours witliout 
leakage, and after the expiration of that ])wriod did not show 
actual leakage ; what took place being best described by the 
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term “ iJjweatin^T.” Under»‘a head of 120 ft. water failed to 
penetrate another plsfce ip five days, and when the plates were 
broken a penetration of only'^J in. was showi\ by damnpness. 

Resistance to the Action of Sea Water. — It has been 
knowt)L for many years that chemical action takes place 
betw(ien the acids contained in sea water and the alkaline 
constituents of Portland cement, and that if concrete is 
permf*'ible throughout its mass, the* cement will gradually 
become disintegrated by the action of sea water. 

Injury of the kind has happened and is still happening to 
many dock and harbour works, both in this country and 
abroad, but it is worthy of note that such destru(;tion has 
been due to the permeability of the concrete, and that 
abundant proofs exist of the permanence of works constructed 
in impermeable concrete. 

In an article by Mr. J. Watt Sandeman, M.Inst.C.E.,* it is 
stated that, “ Permeability in concrete is due either to the 
j)orosity or the insulTiciency of the mortar, or to faulty mani})- 
ulation of the materials,” and the writer expresses entire 
confidence in the reliability of well proportioned and properly 
applied concrete for resistance to disintegration by sea water. 

M. K, Feret, the well-known French authority, says that 
the best means of protecting concrete from injury by sea 
water is to prevent the j)enetration of the water by making 
the concrete of maximum density. This condition is to be 
attained by the adoption of suitable proportions, a subject 
which has already been discussed in the present chapter. 
M. Feret emphasizes the importance of eliminating voids, 
and of making sure that the cement is not diluted by an 
excess of fine sand, which he considers “ the greatest enemy 
of masonry in sea water.” 

An exhaustive investigation into the effects of sea water 
on concrete, conducted by Mr. R. J.'Wig and Mr. L. R. 
Ferguson, led these well-known American engineers to the 
following conclusions — « 

1. All well-made Portland cements will resist ..disintegration 
if properly used. < 

♦ Engineering, 5th January, 1906. 
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‘J. The gaigmg ol plain concrete with si^a water will not 
be (lelel^rious if })roper m^thoijs of^coiistruetion are followed. 

•3. Aggregates should be cairdlully selected, particularly 
with the idea of securing density and toughness. 

4. Waterproofilig compounds have no beneficial effect. 

In work where concrete is deposited in s(^a water, special » 
care must be taken to protect tin* concrete during the process 
of setting. Otherwise, the flow of water with the ri^e and 
fall of the tide may have the effect of washing the cement 
out of the green concretes thereby leaving the material in a 
porous condition and very susceptible to disintegration by 
chemical action. 

Although numerous marine structures eom])osed of concrete 
prepared without s})eeial regard to the supreme importance 
of impermeability luive undoubtedly suffered injury from the 
aedion of s(si wat(T, many huiulreds of reinfore(‘d concrete 
structures have behaved in an entirely satisfactory manner, 
in all cases where th(‘ eoncrede has been correctly proportioned 
and applied. 

Some long-period tests conducted in Boston Harbour, 
U.S.A., bring out very clearly the point that concrete of 
good quality is capable of effective resistance to injury by 
sea water, w'hile eonende of inferior (|uality is seriously 
injured. In 1909, t wenty-four reinforced eonende columns, 
10 ft. long by 10 in. square wci-e suspciukil Irom one of the 
})iers in the Charlestown Navy Yard, by means of an iron 
ring at oiu? end, about 18 in. being above the watca* at high 
tide and in. undep water at low tide, thus providing for 
alternate immersion and exposure twice daily. After a 
[)eriod of five years had elapsed the columns were examined, 
and the obsci’vati<flis made pointed unmistakably to^ the 
reliability of superior concrete. For examplj, columns Nos. 

3 and 10, made of 1 : ^ : 2 concrete, were in splendid condition, 
while columns Nos. 7 and 8, of 1 : 3 : 0 concrete, had suffered 
considerable deterioration. , 

An interesting exhibit at thc^Museum for Nature Stvrfy 
and Technique, Munich, is a concrete blocl^, one metre cube, 
which had been exposed for 50 years to sea water in a Danish 
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seaport.*- The Hlock is on® of a nuinber use^ in dock wall 
construction, and tests cyudi|cted'by direction of thyp Danish * 
War Minister are reporteef tw have shown that tliq, concrete 
was in excellent condition. 

Action of Oils upon Concret^. - As 'a general rule, it 
may l)e taken, that mineral, animal, and vegetable oils are 
not harmful to good concrete when it has hardened thoroughly. 

Soijic vegetable oils, such as coccyanut oil and olive oil, ( 
which contain acids, have been found injurious, and the same 
effect has been observ(‘d in concrete structures where animal 
oils are heated to high temperatures. 

Electrolysis in Concrete.—A good deal has been 
written eoneerning the possible injury of concrete, both 
plain and reinforced, by (‘lectrolytic action. Most of the 
fears which have been ('utertained respecting the deteriora- 
tion of concrete and steel in conse(iuene(^ of electrolysis appear 
to be due to the mistaken assumption that the severe con- 
ditions established for the purpose of laboratory tests are 
likely to obtain in practical work. So far as tlu^ United 
Kingdom is concerned, the safeguards })rovided by the 
Board of Trade n-gulations are suiiicient to obviate the 
risk of injury to rein (breed concrete by stray electric currents. 
Negative (‘videnec on this ])oint may be found in the fact 
that the inquiries made by the Institution of C'ivil Engineers 
Committee on Bcinforeed Concrete failed to yield a single 
instance ol* electrolytic action in this country. 

Even in the United States, where no restrictions exist 
with regard to stray electric currents, there is very little 
evidence of injury to reinforced concrete structures by 
electrolytic action. Referring to this subject in Concrete, 
Plaiji and Reinforced, Messrs. Taylor dud Thompson say : 

“ Injury to ri‘piforeed concrete from (ilectrolysis is rare in 
practical construction, and much of the damage attributed 
to it has been due probably to otluT causes, l^lain concrete, 
as shown by tests and e^xpcrieiice, is never injured. The 
danger to stnu^tural steelji. even if encased in concrete, is 
greater than to feiuforced concrete.” 
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FORMS AND PROPERg’TP:S OF REINFORCING STEEL 

Forms of Steel used as Reinforcemenf.— In ^rcneral 
practice, the steel ap}:4itMl to the reinforcement of concrete 
is in the form of round bars or rods, thin strips eorresjioiiding 
to the familiar hoop-iron beinpf frectuently (‘m])loyed as web 
reinforcement in beams and analogous uKaubers. 

Square and flat bars hav(‘ been us(al occasionally, but arc 
not to be r(‘commended, as square^ bars cannot be obtained 
so readily or handled so conveniently as round bars, and 
flat bars are less etticient than thos(‘ of circular form in respect 
of adhesion between the steel and the concret(‘. 

Various s])(‘cial forms of bars have been devised, chiefly 
in the United States, with the object of })roviding a reliable 
mechanical bond in addition to the adhesion bond existing 
between the steel and the concrete. Some of these special 
bars are f)roduced by twisting bars of square or of special 
cross sections, and others by methods of tn'atment which 
rcisult in the formation of bars with corrugations, indentations, 
ribs, or other surface irregulariti(js. One; or two special 
types of reinforcement have been devised, consisting of 
bars with ju’ojecting wings intcnd(Kl to be turned u]) at any 
iCMiuircd angle so as to constitute web reinforcement for 

beams. . 

Many different types of network, inehidmg the well-known 
“ expanded steel.”’ have also been introdueed for the rein- 
forcement of slabs, and other structural details wherein 
relatively small (iuantities of steel have to,be distributed m 
an effective manner.. 

In ordinary practice, bars of merchant forms, readily 
obtainable from any steel manufacturer or merchant, are 
perfectly suitable, as the adhesion bond in conjunction with 
customary methods of anchorage are quite sufheient to guard 
against any slipping of the steel in the concrete. 
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Cases occur now and thvm where, owing to limitations of 
space, it may be dihicuilt to provide for anchorage of the 
bars, and in any such circifmstances an approved type of 
deformed bar may be employed with advantage. As a genercal 
rule, however, it may be fairly said that tlu* chief advantage 
of special forivs of bars rests with the patentee or maker, 
who is able to obtain a price much higher than that at which 
orcliiif'-ry bars ar(‘ obtainable in the open market. 

Quality of Steel used as Reinforcement.— Some regula- 
tions governing building and engineering construction make 
the use of ordinary mild or structural steel obligatory in 
reinforced concrete work. In other eases, the designer is free 
to choose between mild steel and some form of high-t(^nsion 
or* high-carbon steel. 

As the elastic limit of mild steel average's about 35,000 lb. 
per square inch, and that of high-tension steel may be taken 
at about 50,000 lb. per square inch, some engineers have 
advocated the cnifdoyment of high-tension ste(‘l with the 
object either of securing economy by the adoption of higher 
working stresses or of providing larg(‘r factors of saftdy. 

Unfortunately, the elastic modulus for the two classc's of 
steel is of substantially the same value. Consequently, und(‘r 
any given load up to the elastic limit, the deformation of 
high-tension steel is just as great as that of mild stt*i‘l, and 
any increases of the working stress, b(*yond that considered 
safe for mild steel, must be attended by a corresj)onding 
increase in the width of the minute cracks, which always 
begin to appear on the tension side of a beam, or other 
member under transverse loading, long before the })('rmissible 
working stress for mild steel has been rcaclu'd. 

Such cracks, ev{*n if iner(*ased in width by the higher stress 
adopted in thr ease of high-tension steel, do not involve 
structural danger if the reinforcement nias been dwigned to 
take the' whole of the tension developed, and in many forms 
of construction the cracks may be perfectly harmless when 
co^lsidcred in connection ^vdth the protection of the steel 
from corrosive iiifluences. In other forms of construction, 
such as water tanks, ships and marine works, and structures 
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in (lamp situalfions. it is certainly hiadvisablc to employ high- 
tension steel as a jnstifieation fen* mereased working stresses. 
Therefore* this variety of steel* eannot always b(i adopted 
with economy, especially as in comparison with mild steel 
it is more costly and m(*r(‘ troublesome of manipulation. 
The higluT factor of safety obtainable is natuwally an advan- 
tage, but this may be neutralized by the brittleness oi' the 
steel, a property characterizing material of inferior (pfality 
and making it n(‘cessary to obtain satisfactory test results 
before the acc(‘ptance of d<‘liv(Ties. 

A variety of high-tension steel |)roduced by some British 
and American ])at(‘nl(‘es of deformed bars consists of mild 
steel, the yield })oint and idtimate strength of which have 
l)(‘cn artificially raised by mechanical treatment, a method 
fully discussed by Dr. W. C. Unwin in his (*lassical treatise, 
The Trslirjii of JMatcrials of Condrwihnu and to which the 
r(‘ader is referred for detailed information. 

Ste(‘l so tr(‘ated possesses all the advantage's and none of 
the disadvantage's of high-carbon steel, and it has b(‘('n 
found by tests that bars which have b(‘en thus physically 
developed by twisting after having been rolled, do not show 
the amounts of permanent set observed in ordinary bars 
when tested for the first time, and which are probably due to 
initial lack of straightness of the bars or to small defects of 
homogeneity in the matc'rial. 

Although in no way detrinu'iital in stcu'l const) netion, 
these preliminary deformations in ordinary stc'el bars are 
to a small extent disadvantageous in reinforcc'd concrete 
work, for the reason that tlu'y cause unnc'cessary strains in 
the concrete', in addiUon to the strains due to the subsequent 
elastic deformation of the steel. Consequently,, in a rein- 
forced conerc'tc beam, hair cracks on the tc'Rsion side' are 
developed* at a somewhat earlier stage and are somewhat 
wider than they would be if the steel w’ere not liable to pre- 
liminary defonnation. Thus, tlA- elimination of initial 
permanent sc't.from physic?ally developed bars is cleaily a 
desideratum, even though its influence may not be of great 
magnitude. 
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A point to be noted is ♦that the effect produced by the 
nieehanieal treatinenir, oj mild steel is entirely removed by 
annealing, and it follows that the high tensile properties 
artificially developed in the manner described may disappear 
if the steel is subsequently expos(?d to conditions similar to 
those establisfv^d in the process of annealing. 

Tensile Strength. — In the British Standard Specification 
for Structural Steel for Bridges, etc.* and OeiuTal Building 
C’onstruetion, it is stated that the tensile breaking stress of 
round and square bars shall be “ between the limits of 28 
and 38 tons per s([uare inch of section, with an elongation of 
not less than 20 pc^r (‘cnt. measured on the Standard Test 
Piece B,” this test ])ieee having a gauge length not l(;ss 
than eight times the diameter. 

Therefore, enqiloying the units customary in reinforced 
concrete literature, the tensile str(‘ngth of mild or structural 
steel should vary between 02,720 lb. and 73,920 lb. ])er 
s(piare inch. 

Th(^ tensile breaking strength of lugh-tension steel varies 
witli.the j)ereenlHge of carbon, a j)oint illustral(‘d by Table 111, 
where the breaking strengtli is given for dilT(‘r(‘nt (jualities 
of st(‘el ranging from very mild low earl)on steel to hard 
high carbon st,(;el. 

TAHLK JIT. 

'riwsiLE Biu<:akin(j STUKNcnu OK Steel with Dikkelent 
T*eh(’enta(-ies ok ('Aiau)N. {Bauschirifjcr.) 


age of Carbon. 

Tcnftllc Break'} ng Blrenglh. 


lb. srj. in. 

Oil 

02,044 

010 

0)8,000 

OH^ 

75,712 

Otf)! 

70,744 

Ool 

70,072 

0-5.5 

S<l,410 

0-.57 

70,744 

O'OO 

80,000 

0 7S 

02,004 

0-80 

! 102,810 

0-87 

104.008 

000 

118,048 
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*"Wie percent|ige (>f*ejif]ion in .steel for various purposes* is 
stated below sk an index to the piurentagcs of carbon stated 
in Tableful. — 

]*er<‘f')itft(}v of rarbov. 

Boiler Plate 010 Uy o :i:i 

Wire (ordinary) 01 5 to O HO 

„ (hard) . O df) to 0 75 

Siriietural Sc'etioiis . . . . „ 0 20 to 0'25 

Bails •(r;;o u, () ()(> 

Tool Steel O’TO to 140 

With regard to liigh-teusion steel produced by the meeh- 

anieal treatment of mild steel bars, it is im])ossibl(‘ to state 
precise values for general application, because the amount 
of work put on a bar appreciably affects its tensil(‘ strength 
and other ])roperties. 

From a series of tests eonducted by Messrs. I). Kirkaldy 
& Son on mild ste(‘l bars twisted after rolling, it a})]>ears 
that the ultimate tc‘iisil(‘ strength was inereasc'd from 
about 70,000 lb. to 80,000 lb. per square ineli, nearly 
‘2.‘5 per e(oit. 

Compressive Strength.- For all practical pur])oses, it 
may b(‘ assumed that the strength of steel in eomjn’ession 
is e(|ual to that of the same (juality of metal in 
tension. 

Shearing Strength. — The resistance of steel to shearing 
stress vari(‘s somewhat, according to the direction in which 
force is exerted with resj)eet to the structure develojied in 
rolling the plate or bar. 

As a general rul(‘, however, it may be taken that the 
ultimate shearing stress of st(‘(;l is from 70 to 75 per cent, 
of the ultimate^ tensile stress. For mild steel th(‘ value is 
about 50,000 lb. })er square inch, and for hard steel about 
80,000 lb. ])er squa^^e inch. 

Ductility. — Useful evidence as to the^duetijity of fiteel 
li)ars may be obtained l)y the cold bending tests prescribed by 
the speeffieations of the Engineering Standards Association. 
Steel of high elastic limit, whether due to a large percentage 
of carbon or to mechanical tr(‘a1fment after rolling, should 
on no account be accepted lihlcss satisfactory proof* is 
forthchming as to its ductility. 
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^Elastic Limit and Yield Poin{.r*Tlie fallowing defini- 
tions arc those given in lk‘})ort No. 50 by tke Engineering 
Standards Associati(Ai— * 

'' Ekifitic Limit - The elafitie limit is t lie, point •at wincli 
the extensions cease to he jiroportional to the loads. In a 
stress-strain diagram ])lotted to a^large s(!alc‘ it is the point 
where the diagram ceases to be a straiglit line and Ixicomes 
curved.” 

“ ^iiid Point.~The yield point Ts tlu; point where tlie 
extension of the bar increases without increase of load.” 

In the ease of steeL it may be assimuxl that th(^ [xa’inantait 
deformations oeeurring up to the elastic limit are small 
enough to be neglected, and that the elastic deformations 
conform to Hooke’s Law that tlu; strain is pro])ortional to 
the stress. As this projxirtionately diminishes gradually 
aft(^r the elastic limit has been exceeded, and very rapidly 
when the yield point has been reached, it is evident that the 
elasti(! limit is of more importance than the y\eh\ ]X)iiit to 
the reinforced (!onercte designer. In fact, \he elaslie limit 
denotes a point up to which reinforced couerite is able to 
recover without injury from the (dfects of stresses far in 
excess of safe working stresses. 

The elastic limit of steel is not quite the saux* in tension 
and in compression, and although not bearing a fixed relation 
to the ultimate strength of the material, its average value 
may be taken at from 50 to (30 jxa- cent, of the ullimat(‘ 
strength both in tension and in compression. 

On this basis, the clastic limit of mild or structural steel 
is between 81,000 lb. and 44,000 lb. per square inch. 

The series of tests by Messrs. D. Kirkaldy & Son, men- 
tioned in a preceding paragraph, showed that for mi‘ehanieally 
treated steel bars with an ultimate tensile strength of. 
80,000 lb. })er isefuare inch, the yield point was 69,000 lb. 
per square inch, or fully 80 per cent, of the ultimate •strength. 
It does not follow, however, that a similarly high rate of 
increase will always be sec/ired by mechanical treatmeait. 

Elastic Modulus. — Numerous well authenticated tests 
show conclusively that the elastic modulus, alternatively 
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tferfned the mt^ulus (ff^^Iasticity ja.nd the coefficient of elasticity ^ 
of steel is practically constant set 30,000,0(5o lb. per square 
inch wiifhin the elastic limit, this average value applying to 
the modwlus tension, com])Pession, and bending, and for 
all descriptions of^stcel. 

Elastic Extensibility and Compressibility.— The extent 
to which steel will be stretched or compressed under load 
can be computed with siifTicient a(‘curacy by the aid of the 
above-mentioned value of the elastic modulus. 

Considering three kinds of steel under tensile stresses 
ranging from 10,000 11). to 20,000 Ib. per square inch, and 
also under -stresses corresf)onding with the average elastic 
limits of the' thr('(‘ varieties of steel, the elastic extensions 
per unit length of 1 in. will be as given in the following 
table — 


TABLE IV. 

Elastic Extknsion of Stfkl. 


Kind oj Stci'l 


Mild (low ciifltoii) . . 
1-lard (lii^h parlKin) . , 
Mild (low c-arboti) 

Mi'C’lmnifally tn-atod . 


i bjUtsfic 
' Limit, 
111. |)('r 

K<|. III. 

Tnmih' Streum’K in poundft per square inch. 

10,000 j 15,000 ! 20,000 |:U,000 50,000 1 

06,000 

' :i4dtoo 

0 ooo3:i| 0 00050' 0 ooootij o 001 i:i! - I 



' 50.0(1(1 

1 ., 1 .. 0 0010 


()r>,oo() 

1 ' ' i 

0 00216 


The figures in this table may be useful as a {;l(*ar n‘minder 
of the fact that however hard and strong a steel may be, 
and howev(‘r high the elastic limit, yield point, and ultimate 
strength, it will inevitably be (extended or comf)ressed under 
any given load up to the elastic limit, just as much as the 
softest and weakest^ variety of st(‘el. 

Coefficient of Expansion and Contraction. r- The value 
of this cocfiieient for steel is variously stated at between 
()*0000()5b and 0'000(f07 per degree Fahrenheit and is usually 
taken at 0*000006.5 for mild steel and O'OOOOOT for hard 
steel. 



CHAPTER IV 

PROPERTIES OF CONCRETE ANO STEEI, l>f COMBINATION 

• 

The gcricTal ch«ract(*ristics and distinctive* structural features 
of reinforced concrete have been stated in Chapter I, and 
a disfussion of the gc'ueral the'ory of reinforced eoneretc 
construction will he round in Chaj)ter V. Tlie seojie of 
the present section is limited to the properties of concrete 
and steel in combination. 

Adhesion Between Concrete and Steel Bars.— Adluision 
of the concrete to the steel, in spite of stresses eauseni by 
the load or by variations of temperature, is a matter of 
l)riiTie importance, and without it the distinctive qualities 
of reinforced (‘oncrcte could not be realiy.(*d. The high 
resistance of the combination is largely due to tlu* fa(*t that 
the constituent parts adhere so strongly one to the other 
that its action is akin to that of a homogeneous structure. 
Adhesion enables the concrete to olTer resistaiu'c* agaiust 
sliding along the surface of the ste(‘l, and ther(*by facilitates 
the transference of forces from oiu^ material to tlu* other. 
The result is uniformity of action on the* part of the two 
materials. Should the resistance to sliding fall below the 
required amount, the materials will act ind(‘pendently, and 
the resistance of the structure wull be gr(‘atly reduced. 

Numerous ex[)eriments have been carried out with the 
object of determining the adhesion bond between concrete 
and steel. 

The investigations conducted at varjous dates by Bau- 
schiager, Fi^ret, Hatt, Ritter, Talbot, Withey and otlu^rs 
show that the Value of the adhesion bond varit‘s from about 
200 lb. to nearly 900 lb. per square inch of surface** contact. 

Some interesting results arc recorded in the Report of the 
French Commission du Ciment Arme. The tests were made 
up1)n an old beam of reirfforced concrete in which in. 
rods used as reinforcement developed an adhesion bfmd of 
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frofli 1,138 tolljBOSfbi per square inch of /jontact surface. 
These liijE^h res^ilts arc attri]nitabl£ in pjjrt to the crookedness 
of th(^ rdds, and are of 'some ]Ti’ajtteaI valiu', since the rods 
and bars* enipU)yed as reinforf'cment ar(‘ never absolutely 
straight. 

The eltieieney of the b(«id varies greatly with the surface 
condition of the bars, the })reseu(‘e or abseuee of rust, the 
quality, consistency, and shrinkage grip of the concrete, 
and the ag(i of the bond. 

Ordinary round ste(‘l bars are nearly three limt's as elTeetive 
as smooth cold rolled or turned bars. 

Bars with a thin lilni of rnst give a bond about 15 per 
cent, higher than cleaned bars. 

From tests at the Univ(‘rsity of Illinois and the University 
of Wisconsin it appears that concrete in the proportions of 
1:2:1 gives a bond averaging 25 to 50 jjcr e(Mit. higher 
than 1:3:0 eonerete, and a eorres})onding advantage' is 
given by richer mixtures, the superiority of eoner('t(‘ mixed 
with an am])le amount of water being very marked in respect 
of bond resistance. 

Tlie elTeet of age is shown by the tests of Ferct, who found 
ihv. bond r(‘sistane(‘ at an age of two years was a})proximately 
50 per cent, higiier than at an age of three months. 

Tests eondueled l)y Professor Talbot at the University of 
Illinois showed that when the loads applied were sutlieient 
lo cause slii)])ing of tlu' bars in tiu' eonert'te, the frictional 
resistance to movement was still considerable. This resis- 
tance, taken when the bars had slipped about ] in., amounted 
to from 54 to 72 per cent, of the bond develojx'd in the case 
of mild steel bars, and to from 32 to 49 })er cent, in the 
case of cold rolled ^shafting. 

An examimition of the Various records availajde leads to 
the (conclusion that for ordinary plain steel ^)ars, the bond 
resistance may be safely taken at from 350 lb. to 450 lb. 
j)er s(^uare inch of contact surlace. 

Effect of Deformed Bars giving Mechanical Bond,— V^ith 
the object of providing a mechanical bond in addition *to 
the ac^iesion bond between concrete and »teel, many forms 
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of indented, corrugated, twisted, and otlieiwise defonned 
bars have been placed upon the market. 

The efliciency of such bars depends mainly upon the grip 
and shearing strength of the concrete. Types of deformed 
bars with lateral projections tend to split the concrete, as 
demonstrated by the experiments of Professor Talbot at 
Illinois Univ(‘rsity and Professor Bach at Stuttgart. Such 
bars cannot be drawn through the concrett* without shearing 
off aK area e(pjal to the area of the lateral ])roj(‘ctions. 

Th(^ value of the nu'chanical bond given by deformed bars 
naturally d<i})en(ls very mueh on fhe nature and extent of 
the projections or other irregularities preserit(‘d by the 
surface, but for general guidance it may be taken that the 
bond is from 50 to GO per cent, greater than that giv(‘n by 
plain steel bars. 

A ])oint worthy of notice* is that in bars having lateral 
prf)jcctions a considerable proportion of the metal Ixicomes 
ineffective as reinforcement for the* rc'ason that tensile and 
comj)ressive stresses cannot deviate so as to bring into |)lay 
the metal em])loyed in the form of })roj'‘ctions. 

Modular Ratio for Concrete and Steel.- Assuming tlie 
maintenance of the adlu'siou bond, any str(*ss developed in 
a reinforced concrete nuunber or structure must strain or 
deform the concrete and the steed to the same ext(‘nt. 

The stresses actually develo])ed in the tAvo materials by 
the application of any load are ])ro})ortional to their (dastic 
moduli, being governed by the modular ratio rn -- KsjEc. 

If we tak(* Efi = 30,000,000 lb. [)(t scjuarc* inch, and 
Ec - - 2,000,000 lb. per stpiare inch, th(‘n m 1 5, a value 
now almost universally accepted as a satisfactory basis for 
practical purposes. 

As the e^stic modulus {E) for any material is the reci})rocal 
of the extension or compression j)er unit stress and unit 
length, it represents the force that would, if siudi a thing 
were possible, stret(di a bar of any material to double the 
original length, or compress it to an c(pii valent (*xtent. 

‘Thus, the statement tlfat the value of E.s for steel is 
30,000,000 lb. pt*r square inch implies that a force of 1 lb. 
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Wowld stu.i.ciiiji foiiipvess a oar.oi i in. area by aiiFoooiru! 

0 000000038 «if its original length. Similarly, if the value 

of JEc fcfr concrete is 2,000,000 lb.# per square inch, a force 
of 1 lb. corresponds with an *extension or eomjiressiou of 
• 2 (Too ()()()’ 0 0000005 of the original length of the bar. 

1 herefore the application <if tensile force of any given intensity 
within permissible limits to a unit area of concrete will be 
followed by an extension fifteen times the length of the 
extension eauseid by the a])j)lieation of an equal fore# to a 
unit area of steel. Hence, for an equal elongation, the steel 
will carry fifteen times the stress carried by the concrete. 
The conditions are naturally precisely similar in the ease of 
compression. 

Assuming the stress to be taken by the concrete in com- 
pression is limited to 000 lb. piT square inch, and that the 
coiuu’c'te is to work in unison with the stei^l on the basis 
m 15, the stress in the sti^el cannot exceed 000 X 15 ~ 
9,000 lb. per square inch. 

On the other hand, if we start with a stress of 10,0001b. 
per s([uare inch for tlui steel, the stress in the eouerete will 
be 1,00011). per square inch. This may be safe for good 
concrete in compression, but is far beyond the ultimate 
strength of the material in tension, a matter which is discussed 
in the next paragraj)h. 

Thus, the value m 15 imposes a serious limitation on 
the employment of st(‘(‘l as eom])ression reinforeiMuent. 
If the modulus E.s could be increased sufficiently, or the 
modulus Ec could be decreased suflieieiitly, to make m — 30, 
reinforced eonenite designers would enjoy far more latitude 
than they now jiossess. In that event, starting with a 
permissible eompres\sive stress of 600 lb. per square inch in 
the concrete, we should get 600 X 30 - 18,000 Ib^ per square 
inch in the sb'cl; or, conversely, starting with 18,000 lb. per 
square inch in the steel, we should have only 600 lb. per 
square inch in the concrete. If concrete were used similarly 
in tension, its ultimate tensile strength would be far exceeded. 

In former times, the value 40 was in common ul&e, 
but modern investigations have shown w ~ 15 to be a 
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re:^nfoiiced concrete? 

correct approxi;natioii for concrete average quality as 
us(h 1 in the f)resent amr there is no reason f()r anticipating 
any material change in thjs value. 

Tenacity and Extensibility.— A good many years ago 
the remarkable elastic strength displayed by reinforced con- 
crete structures and the apparent absence of cracks in mem- 
bers subjected ‘ to loads causing considerable deflection, led 
to the belief that, when working in combination with steel, 
concrete could be stretched to a far greater extent, without 
causing actual riqflure, than would be possible in the case 
of plain coiicrete. 

This attractive theory was sup])orted by Considcrc, who, 
in a report to the Academic des Sciences, in 1902, claimed 
that bis tests of reinforced conerete beams showed the 
ultimate extensibility of the conerete to be from ten to 
twciuty times the ext(‘usibility of plain (*oiicretc tested in a 
similar manner. 

The conclusions of Considere aroused much interest and 
were subsecpiently disproved by careful tests condinded by 
Professors Bach and Kleinlogel on the Pontiiuiit, and 
Professor Turneaure in tin* United States. 

As Ih’ofessor Turneaure justly remarks : “In experiments 
of this sort it is extremely diflicult to determine just when 
the concrete l)egins to crack. The steel forces it to elongate 
})ractieally uniformly, even after ru])ture begins, so that a 
crack will open up very slowly and will, tln^refore, remain 
almost invisible for some time.” 

A very delicate^ method of detecting ineijicnt cracks was 
accid(‘ntally discovered at the University of Wis(‘onsin about 
1902. It was then observed, in testing beams sc^asoned in 
water and only partially dried, that ^he appearance of a 
very fine li/iir crack was pre(;eded by a dark wet line across 
the beam. Subsequent investigations, the results of which 
were published in 1906, showed that the “ watdr-marks ” 
denoting incipient cracks occurred at practically the same 
deformation at w'hich plain concrete was ruptured. 

'Proof of the fact that tfcc water-marks actually indicated 
the presence of incipient cracks was obtained by sawing out 
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and examinii^g portions of the concrete slfowing marks of 
the kin(l. 

Furthey’ investigation by Professor Bach, at Stuttgart, 
led to the c^melusion that the water-marks appear at places 
where adhesion l)cl:wcen tl^e particles of concrete is diminished 
just before the formation of cracks. In plait^concnde, every 
water-mark develops into a hair crack, whereas in reinforced 
concrete the steel has* the effect of retarding the dej^clop- 
nient of cracks at some of the water-marks, and of entirely 
])re venting this formation at others. 

The contrast between the behaviour of plain and reinforced 
concrete is made clear by the facts that in ])lain con(‘rete, 
failure occurs suddcMily and is accompanied or pr(K‘edcd by 
th(‘ opening of one or more large cracks, while in reinforced 
concrete, failure takes place gradually and only aftt'r ample 
warning, numerous small cracks developing simultaneously 
in such a maimer that the total (‘longation at linal rupture 
is far greater than that of plain eoncretc. 

Thus, by the employment of steel the extensibility of 
concrete may be dcvelo])ed to the degree stat(‘d by C'onsidere, 
wher(‘as the extensibility of plain concrete is limited to the 
amount possible at the wcak(‘st cross section. 

As iiicipi(‘nt cracks first appear in reinforced concrete at 
an elongation eorr(‘sponding to a tensile stress in the steel 
of about 5,000 lb, pt‘r scpiare inch, it is evident that no allow- 
ance should be made for the tensile resistance of the concrete 
in practical (h^signs, but investigation has shown conclusively 
that the minute cilicks occurring under ordinary working 
stresses, do not ex])osc the rcinfonfcment to corrosive 
influences. 

Expansion and* Contraction.— As the codlicientii of 
expansion of concr(‘te and steel arc of n(‘aijy ecjual value, 
very littk stress in eHher material will result from variations 
of temperature, particularly in view of the effective nature 
of the insulation provided by the concrete in which the 
steel is embedded. • * 

Thc^ expansion and the contraction of concrete in the , 
processes of setting and hardening necessarily give rise to 
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internal stresses if tli|‘ adhesion bond remains* perfect. The 
expansion of water-hardeiiyt'd* concrete tends to sfr^tch the 
embedded steel, and the reaerton of the steel tends th restrain 
the ex})ansion of the eonercte, tlie result l^t‘ing the develop- 
ment of tension in the steel and eocnpression in the concrete. 
On the other Imnd, the contraction of air-hardened eonercte 
tends to compress the embedded ste(‘l, and the reaction of 
th(‘ steel tends to restrain the contract ion of the concrete, 
the result beinj^ the deveio[)ment of eom})ression in the steel 
and tension in the concrete. 

Kxperiments by ( onsidOv shovv(‘d the (‘ontraetion of 1 : 3 
air hardened mortar, reinforced with 5’5 j)er cent, of steel 
to be only O'Ol per cent., and as sand and aggrejrate cannot 
be affected tlu* eontraelion of concrete must be considerably 
less than that of mortar. Mon^over, it must be borne in 
mind that the ^ratlual hardening of the eonereU' is ])robably 
accompanied by molecular adjustment having the effect of 
obviating, or of largely reducing, internal stresses in reinfore(‘d 
eonerede due to expansion or eoutraetioii in setting and 
hardening. 

In reinfore(‘d eonereU* structures r(‘strained by exterior 
force's which are more rigid than the re'inforeing steel and so 
interfere with expansion and contraction, the stresses in the 
concrete are likely to be liigh, and the te'iisile stress developed 
may exceed the ultimate strength of the material. In such 
eases, the (‘ffeet of the reinforcement will b(‘ to prevc'iit the 
formation of large cracks, and to develoj) the extensibility 
of the concrete by providing for the lu'cessary elongation by 
means of a well-distributed succession of minute cracks, 
invisible to the naked eye and of no practical importance. 

Preservation of Steel Embedded in Concrete.- Steel 
embedded in ccmcretc of proper consistency is most cllicicntly 
protected from corrosion by the fdm of cement w hiclt attaches 
itself to the surface of the metal ; or, if the metal is rusty 
at the time of use, by an imj)ervious coat formed as the 
result of chemical action between the metallic oxide and 
the cement. • 

Numerous instances are recorded of iron having been 
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emDccuica in siortar anrt concrete tor long periods without 
suffering •corrosion. A few* of tliest^ avS given below. 

Iron clamps j^iid in mortar joints in the Parthenon have 
been uncovered in modern times and found to be in good 
condition after 2*000 ye§rs. ()th(‘r examples have been 
(dted showing tlie perfect condition of iron afl^^r having been 
embedded in lime mortar for u})wards of 500 years. 

At the Engineering ronfcrence held at the Instituti*)n of 
(4vil Engineers in 1007, Mr. W. T. Douglass, M.lnst.C.E., 
said that “ in 1881, when taking down the Eddystone Light- 
house, built by Smeaton in 1757, he discovered a small 
bundle of iron rods which liad been (anbedded by accident 
in Aberthaw lime concrete,” and that “ the colour of these 
rods was just as i(‘ th(‘y had come from th(‘ mill, and there 
was no mark of rust on thcan whatcvia*.” 

Speaking at the same meeting. Mr. J. llannay Thompson, 
M.Inst.L.E., said that having recovered the heads of several 
r(‘inforce(i coner(‘t(‘ pih s which had been cut off after having 
been subjected to very lu^avy driving and left in the water 
of Dunde(‘ llarliour for about three years, the steel was 
found to b(‘ ]){'rreetly blue when the concrct(‘ was strijiped 
off. An (‘XjXM’iinent by the same engineer to test th(‘ effect 
of sea water on reinfore(‘d concrete was carried out liy making 
two blocks of concret(‘, 5 ft. long, inserting in each of them 
two clean steel rods and two very rusty bolts, and leaving 
the blocks in sea water for three years. On br(‘aking the 
blocks open, the new steel rods were still (piite blue, and the 
rust had disap})eare(rrrom the old bolts. 

A })raetieal test (‘xteiiding over ciglit y(‘ars was undergone 
by s(‘veral reinforced concrete pile h(“ads cut off during the 
construction of a wliarf at Southamjiton in 1898, and allowed 
to remain on the shores where they wTre alternately covered 
and exposed by the HoV and ebb of the tides w'hieli occur there 
four times daily. Some of tliese pile heads w^re’sent eight 
years or more later to certain railway and harbour engineers 
who desired to investigate the cindition of the reinforcing 
bars. • , 

Referring to two of these pile heads at the Plngineering 
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Conference, 19(t7, Mr, C. S. Meik, M.Inst.C.E,, said of one: 

“ The exposed steel wWk pn this specimen was much corroded, 
whereas the bars in the bVxty of the eoncTete, ond)einp' cut 
open, were found to be quite free from any rust and as fresh 
as the day th(iy were put into tlje pile.” Mr. Cuthbert A. 
Brereton, M.Iijist.C.E., said of the other : “ The steel and 
iron work in the centre showed no deterioration wliatever. 
In f^ct, the blue scale was still on *chc rods just as at the « 
time they were jmt in.” 

The author may add that he had previously examined a 
similar piU; head from Southampton and found the embedded 
steel in perfect condition. 

A question sometimes raised is whether the steel in rein- 
forced concrete may not be corroded in eases wh(‘rc minute 
hair crac^ks exist in concrete, either in the open air or under 
water. The point is obviously one of much importance to 
engineers emj)loying reinforced concrete in marin(‘ work, and 
particularly in shi})s and floating structures. Careful tests 
conducted in 1907 at tlu^ Royal Uepartment for Testing 
Materials, Gross Lichtenfelde, show conclusively that no 
danger of corrosion (‘xists if the concrete is of the quality 
and consistency adopted in average pra(‘ticc, and if the steel 
is not stressed beyond the elastic limit. The test s})ecimens 
employed were subjected while under load to the action of 
a mixture of oxygen, carbon dioxide, and water vapour for 
])eriods ranging between three and twedve days, and the 
steel was in every case found to be free from rust even 
when stressed up to the elastic limit. On the other hand, 
unprotected steel was seriously corroded after an exposure 
of two hours. 

tn this connection, it must be noteft that steel whicli is 
slightly rustcxl before being embedded in eoneret(i is protected 
by the insoluble and impermeable* clicmical icompound 
formed by the combination of the rust with the alkaline 
constituents of the cement. 
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THEORY OF REINFORCED CONCRETE 
INTRODUCTORY NOTES : FLEXURE OF .BEAMS 

INTR(3E)lJCTORV NOTES 

Varieties of Structural Members.— Tlircc classes of 
structural members arc cousidcrcd in this cha])tcr: (1) beams, 
(2) compression members, and (3) tension members. As 
most frequently employed, these members are subject to 
simple bending, simple compression and simple tension, 
respectively. But bending moment is often accompanied 
*by either compression or tension, giving rise to the combined 
stresses of bending and c()mj)ression,or of bending and tension. 

In reinforced concrete work, beams, in one form or other, 
are very widely used ; compression members, although 
representing an a])i)li(*ati()ii of reinforced concrete of con- 
siderably less (‘conomy than that given by beams, arc exten- 
sively employed, and tension incmlxTs, for which reinforced 
concrete is not at all suitabh', are used very seldom. Members 
subject to combined stress(‘s may be regarded either as 
beams, compression members, or tension members, according 
to the duty for which they are primarily designed. 

D(^finitions, — For the purposes of this chapter the lollowing 
definitions are givem 

Beam, a term covering beams, bressummers, cantilevers, 
girders, lintels,, slabs, and <dhcr members subject to flexural 
stresses. 

Compression Member, a term including ct)lufims, piers, 
piles, pillars; posts, pryps, stanchions, struts, aifd all members, 
whether Vertical or at any angle, subject to longitudinal 
compression applied more or less axially. 

Tension Member, a term applying to all forms of ties 
subject to longitudinal tension applied axially. 

It sliould be noted that combined stresses Vill be developed 
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if the force acting upon a compression or a tension member 
is non-axial. 

Fundamental Principles.— The distinctive characteristics 
and properties of reinforced concrete are discussed in Chapters 
1 and IV. From the statcunents there n.adc, it is evident 
that the material is one combining in a remarkable way 
the most valuat)le properties of concrete and steel. 

The compressive strength of the coivrete is advantageously 
developed and the impermeability and durability of the 
material are usefully employed in the protection and 
preservation of the steel. 

At the same time, full advantage is taken of the tensile 
strength of the steel, and in many castes a similar advantage 
is also taken of its compressive strength, in such a way that 
the extensibility of the concrete is greatly developed, or 
that both its extensibility and its compressibility are greatly 
developed. Although the elastic properti(^s of the concrete 
are not actually changed in virtue of its combination with 
steel, as was once believed, the material really behaves very 
much as it would if such a change had taken place. Instead 
of being, like plain concrete, brittle and liable to sudden 
rupture under relatively small tensile stresses, reinforced 
concrete possesses toughness and elasticity and always gives 
ample warning of impending rupture, which only takes place 
after the elastic limit of the steel has been exceeded. 

Therefore, the fundamental principles of reinforced concrete 
embody the combination of the constituent materials in a 
manner providing for the resistance of compression by the 
concrete and the resistance of tension by the steel ; and they 
also cover the much less economical, but convenient and 
frequently very useful, supplementary combination of the 
materials ^^4lcrein the concrete and the steel work together 
in resisting compression. 

Relative, Stress Intensities in Concrete and Steel. — 

In discussing the theory of reinforced concrete, it is here 
assumed that the adhesion bond between the concrete and 
the steel is perfect, and therefore that the deformation of 
the two materials is of equal amount. Reinforced concrete 
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construction fs generally dependent upon ‘this equality of 
action, and the results of itunicrous^ tests show that, from the 
practical jioint of view, it oqpifrs in all structures which 
have been corfcctly designed. 

As the elastic •modulus represents the ratio of stress to 
strain, it is obvious that ‘for equal deformations the strains 
in the two materials will be equal jind the stresses in the 
coiKTcte and the ste(‘l must vary as the elastic moi^uli of 
the two materials. 

Thus, if i — tensile stress in the steel, ic tensile stress 
in the conerete, Es - elastic modulus of the ste(‘l, and 
Ec — clastic modulus of the conerete, the following must 
be the stress relations : ijtc ■=- Es/Ec. Hence we sec the 
importance of m — EsjEc, the modular ratio. 

FLKXUltK OF BEAMS 

Stress Distribution in Beams. — As an introduction to 
the study of reinforced concrete beams, the nature of the 
stresses developed by bending moments in a })lain eoncrete 
or other homogeneous beam may be usefully considered. 



Fig. 12 .. Fics. 12 


At any vertical st^etion of such a beam under transverse 
loading, normal oi^ tensile and compressive stresses, and 
tangential or shearing stresses arc developed. 

In conformity with the accepted theory *of Ilexure, the 
intensity* of normal stress on any vertical section of a beam 
varies with the distance from the neutral axis. C onsequcntly 
the stress variation can be represented as in Fig. 12 by the 
ordinates to a straight line. 

The* intensity of tangential or shearing stress at any 
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vertical section of a beam is pf maximuni value W the neutral 
axis and diminishes to zero at tho extreme fibres. In the 
ease of a beam of reetahguliir section the shearing stress 
intensity varies as the ordinates lo a parabola‘, as in Fig. 18, 
the maximum value at the neutral axis being Ij times the 
averages value. 

On any inclined section of a beam the intensities (»f normal 
and sh(‘aring stresses are not of the r.same values as those 
on vertical srelious. Moreover, \v)u‘re shearing stress occurs 
on a vertical section, the maximum normal stress will be 
develope<l on an inclined section. 

The formula given in text-books on a])plied meelmnies 
shows that if t = horizontal tensile stress intensity, s -- 
shearing stress intensity at any ])oint in a beam, and ) — 
maximum tensile stress intensity, the value of the latter will be 

/(nia\) — It \ (:J/^ + .9^) 

The direction of this maximum tensile stress intensity 
will be at an angle equal to half the angle of which lijs is the 
cotangent, or a — J /_ cot (.J //.v). 

It follows that at any point in a beam where shearing 
stress is of zero value, as at ])oints of maxinmm bending 
moment and along the extreme fibres of the Ijcam, the 
direction of the maximum tensile stress is horizontal ; and 
that at any j)oint where the horizontal tensile stress is of 
zero value, as at the neutral axis and at jioints of zero bending 
moment, the direction of the maximum tensile stress is at 
an angle of 45'" to the horizontal, and the maximum tensile 
stress intensity is equal to that of tlie shearing stress at the 
same point. 

Above the neutral axis of any section wlierc the bending 
moment is of more than zero value, the direction of the 
maxiiuum tensile stress is at an angle of more than 45° 
and changes until it is at an angle of 90 ' at the extreme 
upper or cqmpression fibre. 

Typical variations in normal, shearing, and maximum 
tensile stresses are illustrated diagrammatieally in Fig. 14, 
where at any given vertical section AB, the variation of the 
fibre stress is shown by a diagonal straight line, drawn solid ; 
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that in Tiie ^hcariii^y stress by si parabolic curve denoted by 
a brokfjii line ; and that of iJie uiaxinuini t(‘nsile stress by 
a line «f dot?^ and dashes. 

The directions of the lines of inaxiinuin tension and 
compression in a reetauinilar beam, freely siip})ortcd at the 



ends, ar(‘ illustrated in Fi^>’. 15, which is based on one to be 
found in Hankinc’s Civil Engineering, It will be understood 
that the precise direction at any point is ^overnc‘d by the 
relations exist iuf? between shearing force and bending moment. 

Functions of Tension Reinforcement.— The ])riniary 
function of the steel used as reinforcement is to resist the 
principal tensile stress, the concrete being relied U])on for 
resistance to compressive and shearing stresses. 

Steel is also employed to aid the eoucretc in resisting com- 
pressive and shearing str(‘sses and tensile stress on diagonal 
planes, but foi* the purpose of the present discussion it will 
be convenient to *deal first with horizontal or longitudinal 
tension reinforcement, reserving other classics* of reinforce- 
ment for subsequtait consideration. Another important 
function of the reinforcement is to ensure the thorough 
distribution of strain in every part of the concrete in which 
it is embedded, theref)y prevf'iiting the concentration of 
strain and consequent rupture at any j^oint where there ^ 
may be an element of weakness. If the steel were employed 
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ill large units-— f^uch as bait> of T or I section, -it would be 
impossible to attain tbe required Result. ( 

Disposition of Tension* Reinforcement.— If theoretical 
principles were strictly followed, an ideal arrangement of the 
tension reinforeement would be based u])on lines of maximum 
stress such as those denoted in Fig. 15 for a beam freely 
supported at the ends. It will be seen on referc^nce to 
this diagram that at the middle of lh(‘ beam, or point of 
maximum Ixuidiug moment, and for some distance on either 
side of it the direction of the tensile stresses is horizontal, or 
nearly horizontal, close to the lower side of the beam. There- 
fore horizontal bars are clearly required. Towards the ends 
of the beam the diagonal tensile stresses acquire increased 
im])ortanee, and the concrete should be suitably reinforced 
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for resistance to these stresses. Provision is fre(|uently 
made, wholly or in part, for diagonal tension by })ending up 
the ends of some of the horizontal bars, thereby complying 
in a measure with the arrangement suggested by the lines of 
stress represented in Fig. 15. This course is a good one 
for adoption, as there is comparatively little nt^ed for hori- 
zontal reiiiforeerm;nt at the ends of the beam, owing to the 
progressive diminution of bending moment as the distance 
from the middle of the beam is increas(jd. 

The effect of bent-up bars, however, is discussed in a 
succeeding chapter. 

So* far as •our imnHHiiate purpose is concerned, we have 
decided that reinforeement consisting of longitu^nal or 
horizontal b^rs, not too large in diameter, is suitable for 
effective resistance to horizontal tension, and that the ends 
of some of the bars may bent up without detriment to 
the efficiency of the reinforcement for this purpose. , 

‘ The disposition* and amount of steel required must be 
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settled in eac^ case in accordaiife with the distribution of 
stress, ^^hich can be asceAain(;d by the usual analytical or 
graphical, methods. 

With regard to subdivision of the steel, it may be said 
that if absolute eohipliancy with abstract theory were practic- 
able, the })ropcr course for adoption would be to employ steel 
wire of the smallest possible gauge, distributed so that 
numberless hair-like fihiments of metal might be present in 
every part of the concrete requiring reinforcement against 
horizontal tension. Ihit this method is not suited to the 
exigencies of everyday work. The best results are always 
obtained when designers make use of reinforcement in 
the form of reasonably small bars or rods, and give due 
consideration to all other essential requirements. 

Theory of Flexure as Applied to Plain Concrete Beams. 
— The familiar theory of flexure stated in text-books is 
founded upon tlu* hypotlieses (1) that a i)lane cross section 
of a beam will remain })lane during and after bending, and 
(2) that the structural material employed (*onforms with 
Hooke’s Law as to the proportionality of stress to strain- 

According to hypotlu'sis (1), the deformation of the fibres 
at any section of a beam is ])roportional to the distance of 
the fibres from the neutral axis. 

In beams subject to simple bending, resulting from the 
application of puridy transv(‘rse loading, the neutral axis is 
situated at the centre of gravity of the beam section, while 
in members subject to combined stresses the neutral axis 
may be within the section or may be an imaginary line 
entirely outside tlu‘ section, according to cireumstanec^s. 

In accfordance with hyjiothesis (2), the strefiN in the fibres 
at any section of a* beam is projiorticmal to the distance of 
the fibres from the neutral axis. Thus, as t^e strain in the 
fibres is .also assumed! to be proportional to their distance 
from the neutral axis, Hooke’s LaW' is the basis of what is 
generally termed the straight-line theory of stress distribution 
in beams. 

Thcwstraight-line theory is embodied in all practical formulae 
for the flexure of beams, witli the exception of some which 
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have been proposed for repnforeed eoiierete b^ams, although 
wrought iron and steel are .the only structural materials in 
general use following Iloofeets Law with subfytantial accuracy 
up to the elastic limit. ^ 

It follows that any conclusions, based u])on Hooke’s Law, 
hypothesis (2), with regard to concrete can only be approxi- 
mately correct. Moreover, tlu* strict accuracy of hypothesis 
(1) j\nd of any conclusions therefronl derived is still open to 
(picstion. 

Nevertheless, formulae for plain concrete beams based upon 
the ordinary theory of flexure are sufliciently accurate for 
all practical purposes, and the only alt(‘rnative to their use 
would b(‘ an exact analysis by the aid of stress-strain diagrams 
jdotted from the results of tension and compression tests up 
to the limits (»f tlie actual stresses involved. 

Low Efficiency of Plain Concrete Beams.— Tlu* low 
efficiency and lack of economy characterizing the })lain 
concrete beam is dm* to tlie fact that the tensik' strength 
of the material is about one-tenth of its compressive 
strength. 

To make cl(‘ar the effect of this difference of resistances let 
us consider the* ease of a concrete beam of rectangular section 
supported at each end, the neutral axis ])assing through the 
centre of gravity of the section, as shown in Fig. 10. The 
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stresses due tp bending moment arc ecpial above and below’ 
the neutral axis, and, together with their distribution in 
accordance wdth the hypotheses stated in the preceding 
paragraph, can be represented at any s(*ction ol the beam by 
the triangular areas AOC, BOD. The maximum compressive 
stress is in the top fibres, and the maximum tensile stress in 
the bottom fibres of the beam, these stresses diminishing as 
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the neutral axis is approaclu^d, \fljere tlie stress reaches zero 
value. •Owing to the difl'ereuce between the eoinj)ressive 
and tensile str^'iigth of the eoii(‘Tete the lower fibres would 
fail in tension long before the upper fibres could fail in 
compression. , 

A similar though less noticeable inequality of compressive 
and tensile strength eharaeterizes east iron, and tlie familiar 
inverted T-seetioii of if east iron beam illustrates one Ujethod 
of making good a d(‘fieieney of resistance in the tension 
area. 

As cxfiressed by Hankine,* the object of the T-shaped 
section is “ to (‘conomize any material whose resistance to 
cross-breaking by crushing and by t(‘aring are different, by 


K 
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so adjusting the position of the neutral axis that the tendencies 
of the lieain to break across by crushing and by tearing 
shall be as nearly as possible equal.” 

Treatment of the same kind would be out of the question 
in the ease of eoner(‘t(‘, for if the difference of resistance 
were eomphdely adjusted, the dimensions of the beam 
would assuin(‘ absolutely imjiraetieable jiroportions. This 
view is illustrat('d 1)\ Fig. 17, where (A) and (B) rt^jiresent 
two halv(?s of a concrete beam 8 in. wide by 12 in. deep. 
Assuming the neutral axis to be equidistant from the upper 
and lower surfaces, the eonqnession area (A) would be 
48 sq. in., and to*})rovide a tension area of ecjual yalue, 
say, 480 sq. in., it would be necessary io 'increase the 
width ^f the lowet ]K>rtion (B) to an enormous extent. 
Thus, if two f) in. flanges (B') and (B") werw added, the 
total width of the beanl would be 80 in. at the bottom. 

The final dimensions of the Iteam would be quite imprae- 
tieabJii, and otherwise objectionable. We therefore see^ 
* Civil Enyinvrriny, 1S98 Edition (p. 250). 
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that concrete alone does ^’lot lend itself to the economical 
construction of beams. ^ ^ 

Efficiency Increased 'oy Reinforcement.— IJy the in- 
corporation of a relatively small percentage of steel in the ten- 
sion area (B) of a rectangular l)eam such as 'that rc'prcsented in 
< Fig. 17, the lacking elenuMit of strength can easily be supplied 
without increasing tlu^ original sectional area of the beam. 
The (•orn})ressive resistance of the euiiercte in the area (A) • 
can tlien be fully utilized, and as the corresponding tensile 
resistance below the neutral axis is assumed to be sn})plicd 
by the steel alone, the sectional ar(‘a of the |)art (B) can 
be reduced if desired so as to eiTe(*t further (‘conomy by 
converting the member into a T-shaped beam. 

In Chapter I, under the head of General ('haraet eristics, 
the ineffieieney of plain concrete beams and the advantages 
to be obtained by the use of reinforeeiiKuit are stated in 
general terms. The (piestion of eHieieuev may now be 
considered a littk' more elos(‘ly. 

A comparatively small j)roportion of steel in tension is 
sutricient to permit the compressive strength of the concrete 
to be fully developed, but the proportion of steel reejuired, 
and the extent to which the t(‘nsile resistance of th(‘ steel 
can be utilized in any given eas(‘, depend upon tlu^ elastic 
properties of the concrete and the steel, and upon the position 
of the neutral axis. Similarly, th(‘ position of the latter 
depends upon the elastic properties of the concrete and the 
steel, and either upon the stresses in these materials or u})on 
the proportion of steel employed as reinforcement. Thus 
it will be seen that all the fa(*tors involv(‘d are in close 
relationship. 

The diagrams given as Figs. 18 to 21 'will suffie(‘ to make 
things clear' wij^hout the employment of formulse or calcula- 
tioTis. The diagrams are based u})on thcv'lastic modular ratio, 
wi — 15. In each diagram the line (AB) re{)rcscnts any 
vertical section extending from the ui)pcr surface of a beam 
to the centre of the reinfoueemeiit. The length of the line 
is equal to d, the effective depth of the beam, both oh these 
dimensions being taken at unity. 
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A scale is giyen at the left-hanfl of each diagram, by the 
aid of vihich neutral axis* dcp^ths n may be obtained in 
terms of 4 I. The upper scale ki*every case denotes com- 
pressive stress in the extreme fibres of the concrete and 
the lower scale gives tensile stress in the steel as governed 
by the assumed value of m ; the diagonal lines indicate 
compressive and tensile stresses in accordance with the 
straight-line theory of flexure. 

In Fig. 18 the position of the neutral axis is constant at the 
centre of the line (AB) for all correlated stresses in the concrete 
and the steel, and the relationsliip between the compressive 


A A' A" A'" 



and tensile stresses* can be ascertained readily by drawing 
any lines, such as (A'B'), A"B"), and {A'"B'"). 

For our present purpose, we will assume the permissible 
working stresses at V ~ 500 lb. per square inch for concrete 
in compression, and t 1 5,000 Jb. per square, iiiMi for steel 
in tension. • 

On this basis, line (A'B') gives c -- 500 lb. per square 
inch, and t = 7,500 lb. ])cr square inch, the latter being 
just half the permissible stress fer steel ; line (A"B") gives 
c — 06fi lb. ])er square inch, and t ~ 10,000 lb. per square 
inch, the formcj’ beyond the stated linut and the latter only 
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two-thirds of tlie permiMsible stress ; line B'") gives 

e- 1,0001b. per scpiare ineh, ' double the workhig stress, 
and / - 15,000 lb. j)er shp.are ineh, whieh is exactly thef 
permissible working stress. 

Therefore, Fig. 18 demonstrates the ])oint that if the 
position of the neutral axis is (ixed arbitrarily it may be 
im[)()ssible to utilize both the eoiUM’ete and the st(‘el in an 
efiicient and c(*onomieal manner. ‘ 

In Fig. 10 the tensile stress intensity in the steel is taken 
as constant, tin* com])ressive stress inttmsity in the concrete 


A A' K A'" 
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and the pc^sition of the neutral axis being variable. In this 
ease, for / - 15,000 lb. ])er square ineli w(‘ hav(‘ the following 
values — 

Line (A' B') c - 500 lb. j)er sq. ,in. and n - 0*33 

• „ (A'/ B') e - im „ „ „ n - 0*40 

„ (A'" B') c - 1,000 „ „ „ n - 0*50 

‘ « 

Here the line (A' B') denotes stresses in exact compliance 
with those permissible, the two values for c given by lines 
(A"B') and A'"B') being inadmissible. 

In Fig. 20 the compressive stress intensity in the concrete ^ 
is taken as constant, the tensile stress intensity in tl)e steel 
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and the position of the'neutral h|is being variable. Then 
for c 5(^0 lb. f)er square inch, we obtain— 

Line B') ^ == 

„ (A' B") 11,250 „ „ „ n =- 0*40 

„ (A' B'") i - 17,500 „ „ „ n - 0*30 

These results show that the ellieieney of steel progressively 
increases with the rise of the neutral axis. 


A A' 



Fig. 21 is a diagram showing that if the stress in the 
concrete is inerc*ased while the stress in the steel is decreased, 
the neutral axis will fall, and eouversely that if the stress in 
the concrete is decreased, while the stress in the steel is 
increased, the ncutrad axis will rise. 

The preceding diagrams arc reproduc(‘d in a slightly altered 
form from a pamphlet describing an instrument* devised by 
Ihc author i'or the cmlculation of reinforced concrete beams 
of rectangular and T-.sections, each setting ol the kistiumcnt 
resulting in an arrangement of the movable parts which 
constitutc*s a stress diagram denoting the stress intensitits 
and correlative values needed by the designer. 

Having now before us a clear i()fa of some of the variable 

♦ MarfUfactured by Mossus. .T. Haldcu & Co., Ltd., London and 
Manchester. 
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factors involved in the application of reinforcement to con- 
crete beams, we will revert to the case of the plaii] concrete 
beam previously considcr.^c^ the neutral axis being at the 



centre of llu* section. TJiis beam measuring 8 in. by 12 in., 
has a sectional area of 98 sq. in., and is here represented 'by 
Fig. 22. The resistance mom(‘nt, cah'ulated by the ordinary 



formula B —Jbhlh, is 9,600 inch-pounds, if the extreme 
fibre stress in the concrete is limited to 50 lb. per square inch. 

Thus, taking /— ,50 lb. per square inch, b = 8 in., and 
A = 6 in., we have 

= (50 X 8 X 4) = 9,600 inch-pounds. 

Wc will now consider three different methods of employing 
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an equivalent ^sectional' area of*e^onerete, 96 sq. in., in the 
form of reinforced concrete beam. 

Method /. — Still assuming thg neutral axis to be at the 
centre line of tlfe beam section, we will place the reinforce- 
ment so that the •centre of tension in the bars coincides 
with the bottom of the concrete', as in Fig. 2.‘b so as to avoid 
altering the originally stated depth of the beam. Then the 
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total eonij)ression in the concrete, taking c = 500 lb. per 
square inch as before, and the mean stress at 250 lb. ])er 
square inch in the ar(‘a b n — 8 in. by 6 in., will be C ~ 
(250 X 8 X 6) — 12,000 pounds. This force may be con- 
sidered as acting at the (‘(‘iitroid of the triangular stress area, 
which in the present ease is 2 in. below the top of the beam. 
Therefore, as the resistance of the concrete in tension is 
neglected, the arm of leverage (a) of the internal forces has 
a length of 10 in. Multiplying the compressive force by the 
length of the lever arm, we obtain the resistance moment 
of the beam in compression, or N — (12,000 X 16) — 120,000 
inch-pounds. 

We have now to provide sufTieient steel to give equal 
resistance in tension. From Fig. 18 it has been found that 
with the neutral axis«in the stated position the tensile strength 
of the steel cannot be utilized beyond a stress Of t *= 7,500* lb. 
per square inch, witjiout exceeding the limit c - ^ 500 lb. 
Consequently, the required area of steel will be A —(12,000 
“ 7,500) = 1*6 sq. in. The total tension in tlie steel will 
be T = (7,500 X 1*6) = 12,00011^ And for the resistance 
moment in tension we obtain : (7,500 X 1*6 X 10) —120,000 
inch-pounds, as before. 
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The coni]){iris()u sliows tlidt the reinforced concrete beam 
possesses more than twelve times the strengtli of the corre- 
s])()ndiiig plain conerete beam. It must be pointed out, 
however, that the total depth of the rcinfoiced beam must 
be made, say, 13 in., so as to provide cove” for the steel bars 
as shown by dotted lines in 28.^ The concrete so employed 
mi^’ht be taken from the sides of the section below the neutral 
axis and thus leave the sectional area equal to that of the 
])laiii beam, but even il the required ar(‘a of 8 sq. in. were to 
constitute an addition to the section, its cost would i)e only 
a small item. 

Mdhod IL- This time we will base calculations 14)011 the 
full development of the permissible stresses, c — 500 lb. ])er 
square inch for concrete, and / - 15,000 lb, ])er square inch 
for steel. Tlien, as jriven i)y Fipf. 10, \]\v, neutral axis will 
be at the distance o Arf from the top of the beam, as in Fig. 24. 



Proceeding as before, w(‘ find the resistance moment of the 
beam in compression to be H -= 85,333 inchqiounds, and that 
to provide* for equal resistance in tension the area of the 
reinforcing steel must be 0*53 sep in. 

Although flu* strength of tlie reinforced beam is barely 
nine times that of the plain beam (instead of over twelve 
times, as ip Method 1), this result is attained by the use of 
one-third tin* (piantity of steel, lienee tlui beam as here 
designed is r(‘ally more ellieient and more economical than 
provided by Method I. 

The note previously made as to the eonei’ete re(]uired as 
cover for the steel bars also applies to this ease. 

Method HI . — We will now assume the concrete sectional 
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area of 90 sq. mi. to be distributed^ in the form of a T-beam, 
having a» rib 4 in. wide by 9 in. deep to the eentre of the 
reinforcenieiit, jyid a eomprcsskfn flange 18 in. wide by 3 in. 
thick. After jn’oviding cover for the steel, we still have 
2 sq. in. of concrete to s})ii.re, and this may be allocated to 
fill in tlie angles at the junction of the rib and flange as 
shown in Fig. 25. Taking the permissible working stresses 



for concrete and sle(i at 50011). and 15,000 lb. per square 
inch as l)erore, th(‘ neutral axis will again b(‘ at the distance 
o :W from the to[) of the beam, and therefore 1 in. below the 
under side of tlie flang(‘. 

Consecpiently, as r(‘presented in Fig. 25, the compressive 
stress diagram is trapezoidal instead of triangular in form, and 
the mean stn'ss in tin* concrete is j)roportionalely iiiereased. 

Calculations made in accordance with the formula^ given 
ill a later elia})ter sliow tliat the resistance moment of the 
beam in comjiression is 180,000 in(*h-pounds, a])j)roximatcly, 
and that to provide (‘(jual resistance in tension, 1*13 sq. in. of 
steel will be necessary. 

The strc'iigth of tlu* beam as designed is nearly twenty 
times that of the original plain concrete beam, a result 
attained by only about two-thirds the proportion of steel 
employed under Method I. 

The foregoing compifrisons have beiui made mainly with 
the object of illustrating the high efliciency and ‘economy 
of reinforced as compared with plain concrete, but also for 
the purpose of showing that there istimple scope for ingenuity 
in the design of reinforced concrete beams. 

Theory of Flexure for Homogeneous Beams.— As 
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an introduction to the f\’ibjeet of this sectH)n, it will be 
helpful, espceially to those who have not made . a special 
study of reinforced eoneretv , to consider briefly the general 
equation for the resistance^ moment of rectangular beams, 
as derived from the ordinary theory of flexure for homogene- 
ous materials, with the objects of finding out how far the 
equation is applicable to reinforced concrete, and of showing 
the* modifications wdiieh are neeesf^ary for tlie purpose of 
making it so applicable. 

As the ordinary theory of flexure is founded upon the 
straight-line law', the same basis is adopted in connection 
with the reinforced concrete i)eam formula* derived in the 
course of the discussion. 

Ordimrif Fonmda for Rvfddancc Moment , — As very 
generally stated in text-books, the resistance moment of 
solid rectangular beams is — 

f-J 


R--‘ 


b'd^ , . d 1 

and h the equation 


and as the inertia moment I 
is often written — 

T" * ’ ’ ’ 

An equivalent form of the sanu* eejuation is— 


R = ^ 


(i>) 


• (c) 


The notation in formulae (a), (b), and (c) is explained, with 
the exception of the symbol /, in P"ig. 20, w hich includes a 
cross section and a part longitudinal section, with stress 
diagram, of a rectangular beam of any homogeneous material. 
In this illustration / denotes the extreme fibre stresses, and 
the two halves of d are denoted by the symbols h' and hy 
respectively. 

It will ‘be noticed that the formulae do not suggest any 
mental picture of their purport and operation, and that 
they do not lend themselves to the preparation of explanatory 
diagrams. The meaning of (c) is certainly a little more 
obvious than that of (a) and (b), but like the other two, it 
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docs not differ^^ntiatc between tlij extreme fibre str( ‘SS(‘S if) 
in compr^ission and in teiefion, ^and it evident ly deals with 
only one-half (which may be eihli^r h-h' or h-h) of the beam 
section. 

Of course, the three forms of the gt'neral ecpiation are 
perfectly correct and give* identical results. The foregoing 
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remarks u])on the three methods of (‘xpression are simply 
made for the i)urp()se of showing that none of the formulae 
has the appearance of being ada|)table for use in the design 
of reinforced concrete b(*ams. 

Modification of Ordinary Fornnda for lh\sisiancc Moment . — 
We will now see how formula (e) can be modified so as to 



make it more expressive. In the first place, as, diagram- 
matically illustrated in Fig. 27, the fundamental principles 
of flexure arc that the total coinjn-essive force (C) above 
the neutral axis is c(pial to the total tensile force (T) below the 
neutral axis, the two forces forming a couplCf the moment 
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of which, termed tlic 7\isislancc momenU w obtained by 
multiplying either force into the'/mr arm (a) of the forces. 

Tlie total compressive foive ((’) acting upon the, area (b'K) 
of the cross section, is the product of the mean compressive 
stress and the area [h-h’). The compressive^ stress fc attains 
maximum value at the extreme fibres, and is of zero value 
at the neutral axis. Conscejuently for a triangular stress area, 

I fc .denotes the mean compressive stress, and C • 

Similarly for the total tensile force we have T - 
Each of the forces {C) and (T) may be n'garded as acting 
at the centroid of the corresponding triangular stress area, 
the distances of the two points from th(‘ neutral axis 
being |// and §//, respectively. The length of the lever 
arm of th(‘ internal forces is equal to (f/j' I Ih), and as 


d - (h' + /i), we obtain : 


a ---■ 




lUderriiig to Fig. 27, it will be readily understood that 
the resistance* moment of the l)(‘am in compression can be 
ascertained by using the force ((') and multi})lying this 
quantity by the lever arm a, thereby taking the moment 
about the centre of tension. 

Whence, in its most simple form, the (*qua.tion is - 


R - C-a 


Substituting the symbols re])resented by C and a, as stated 
above, the equation becomes 

K = (l/(,-W') . . . (d) 

Proceeding on similar lines, for the resisting moment in 
tension we have — 

• . R-=Ta 

and 

■ ■ . • (e) 


It should be noted that the two intcTual forces (C)and(T), 
parallel to each other and acting in opposite directions, must 
be equal in order to secure equilibrium in the beam. Further, 
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the Seginner should guard againsl^any misinterpretation of 
the axiom^that fhe resist a nce^moment of a beam is in all cases 
equal to the bending moment. J^e axiom is literally true, 
and the equality* of the two moments exists from the stage 
where the applied leading is of zero value to the stage where 
the loading is of sueh magnitude as to result in the rupture 
of the striietural material, either by tension or by com- 
^pression. At this final rf^tage both the moments obviously 
disappear. In praetieal work, however, the designer starts 
with a specified or calculated bending moment for a given 
beam, which he must design so that the calculated safe 
resistance moment shall b(* at least equal to the jnedeter- 
mined bending moment. Thus, to ensure safety, the actual 
or ultimate resistance inoiiKiit must be considerably greater 
tlian the specified bc'iuling moment for any beam. 

To illustrate the jiractieal effect of the formulae (quoted 
and derived above, we give below calculations for a rectangu- 
lar beam of plain concrete, where h - H in., h and li' -- 6 in., 
d — 12 in. Assuming that the maximum fibre stress must 
not exceed 50 lb. per scjuarc inch, we have /i /c, and /if ==50 lb. 
per square inch. Then 


By (a) 


^ _ 50 X 8 XI, 728) 
6 

— 9,600 inch-pounds. 

By (b) 


^ _ 50 X 8 X 1 t t 

0 

9,600 inch-pounds. 

By (c) 


R .. 50 X 8 X f> X 4. 

9,600 inch-pounds 

By (d) and (e) f(^ ^compression 

and tension, respectively, 


R - (J 50 X S X 0) X 8 

1,200 X 8 - 9,600 inch-pounds. 


Derivation of Formulae for Resistance Moment of 
Reinforced Concrete Beams.— Having in (d) and (c) two 
formulae expressing fundamental f^rinciples in a suitable 
manner, ^ our next task is to adapt them for reinforced 
concrete beam calculations. 
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Let Fig. 28 represent reinforced concrete beam of the 
same dimensions as tliosc enif)lof3Td in the foVegoiijg calcula- 
tions, namely : b H id.,M and d - 12 in. The reinforce- 
ment consists of a steel bar .4 placed so tliat the centre of 
its cross section is intersected by the bottom line 
of the beam. This arrangement is assumed so that the 
effective depth of the beam, (d), is the same as the total depth 
of ,the homogeneous beam before' considered. It will be, 



understood that a practical beam would reipiirc the addition 
of an extra inch or so in depth, so as to j)rovide cover for 
the steel. Adopting the safe working stresses fc ~ 500 lb. 
per scpuirc inch and ft. = 15,000 lb. ])er scpiarc inch, the 
position of the neutral axis will not be at the centre line of 
the section but such that h' ~ \h (see Fig. 19). 

Consequently the point of a])j)lieation of the titnsile force 
{T) instead of being at the distance \h from the bottom, as 
in Fig. 27, is at the bottom of the beam; ihe ])oint of applica- 
tion of the compressive force (C) is higher than in Fig. 27 
owing to the redueed height of (/?'); and for the length of the 

lever arm wc have n ~ (h + pi') — 

‘Formula (d) now becomes 

= . (f) 

As the total tensile force (T) is now applied at the* centre 
of the steel bar, and asi the bar is of small sectional area 
in comparison with the tensile force, the value of^(T) may 
be reju’csentcd without appreciable error by the product 
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of tfie tensile stress i1il?ensity in the steel and the sectional 
area [A ) of thd?bar, or T-^f^.A. Slibjcct to this modification, 
formula ^e) becomes 

RL(fi.A)(d-^'j . . . .(g) 

Using values as above 'stated, namely : fc ^ 500 lb. per 
square inch, 5-8 in., d — 12 in., 5—8 in., and h' 4 in., 
we have — 

By (f) 

H -= (J 500 X 8 X 4) ^12 = 85,33.3 inch-pounds. 

The area of steel requin'd for the development of the tensile 
force on the basis /i^ — 15,000, is A = 0*53 square inches. 

Therefore by (g) we get 

R - (15,000 X O'S.S) ^12 -= 85,383 iiich-pouruls. 

Having now derived forniulse for reinforced concrete 
beams from the ordinary resistance moment equation, we 
will Tiext transj)()s(‘ these formula* into standard notation and 
indicate alternative methods of expression. 

The only changes necessary in (f) are the substitution 
of c for fc and the r(i])lacement of h' by 7i — distance of the 
neutral axis from the extreme fibres in compression. Formula 
(f) thereby becomes 

R I c-h-n ^ j . . . . • (f«) 

In the practical ^design of beams, it is vei’y convenient 
to employ tables or diagrams giving values for variable 
factors, or one value for a group of such factors, under 
stated conditions^ 

Thus, if the factor n in (f^f) is expressed as a ratio of d, 
we have ni --- njd, and the formula may be written 

— 5-d2 . . .^ . (ft) 


Again, for employment wdth tables and diagrams whence 
values* for the grouf) can be obtained for 
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any given set of conditions, we can denote the value of the 
group by the symbol Q anfi reduce (f^) to ' 

.. . . . . . (fc) 

Similarly, in (g), the substitution of t foi ft an'd n for h' 
gives 


R - i-A 


n) 

ising A i 
Ajb'd, and substituting 


(g«) 


Furthc'r, cx])rcssing A as a ratio in terms of b-d, \\v have r== 


we obtain 


As in the case of (fc) we can also write 

K -- Q-h-(P .... 


(gfc) 

(gc) 


Dissimilar Expression of Equivalent Resistance 
Moment Formulae.— Everyone who has had occasion to 
read difha’cut books on the subject of reinforced concrete 
must have experienced much inconvenience in consccjuence 
of the widely differing systems of notation and methods 
of expression employed by the authors responsible. 

The id(;a of establishing standard notati(m for engineering 
formuhT. in order to obviate th(‘ eonrusion and waste of 
time caused by the haphazard employment of symbols w^as 
brought forward more than 30 years ago by Professor 
Jamieson, and has been discussed sinc(‘ then by the Institu- 
tion ol’ Electrical Engineers, the Pivil and Mechanical 
Engineers' Society, the Engineering .Standards C'ommittee, 
and the International Electro-Technical ('ommission. At 
a meeting of the Civil and Mechanical Engineers’ Society in 
1908, the author opened a discussion i'ii tlu* subject, and 
the ‘matter fWaf, subsequently taken uj) by a Special Com- 
mittee, but the ])roject unfortunately lapsed owdiig to the 
pressure of other work connected with the joint incorporation 
of the Society and the Society of Engineers. Nothing appears 
to have been done by the^othcr bodies mentioned, and the 
credit for formulating codes of standard notation for rein- 
forced concrete, structural engineering and other branches 
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of jflire and applied science is due to the Concrete Institute. 
In 1909, the main principles put forward by Mr. E. Fiander 
Etchclls, A.M.Inst.C.E., were aflc^^ted by the Institute, and 
the IlepoH of •a Committee was published, together with 
schedules of stg-ncWnl symbols.* The standard notation has 
been adopted ])y th(' Uemd Institute of British Architects, 
the Institution of Civil Phiginccrs, and in various regula- 
tions (‘inbodicd in Ac^s of Parliament ; and is beginning 
to find its Avay into nauforced concrete and other engineft’ing 
literature. As stated elsewhere in this work, the standard 
notation of the Concrete Institute has been modified to some 
extent since the jaiblication of the Beport mentioned, and 
the Autlior has adopted the notation in its most reeent 
form. 

Some typical examples of the divergencies which cause 
so much loss of time to ])rofessional men and so much 
perplexity in the minds, of students are given in Table IV, 
where the equivalence of tluj forniulaj quoted is proved 
by their transcription in standard notation and their 
ex|)ression in standard form. 

Classification of Flexure Theories.— The many theories 
of flexure wliieh have been evolved from time to time for 
reinforced eonen'te Ix'ams. and the formula* resulting from 
the same th(‘ories, constitute a most interesting subject for 
study, and it would be (piite easy to till a good-sized volume 
with an account of the experimental investigations, the data 
d(‘dueed therefrom, and the matlKunatieal reasoning forming 
the basis of the the^a'ies and resultant formuhe. 

A eonij)lete record of the kind, however instructive it 
miglit be to the stiuhait, would be of no great value to the 
practical designer l!N*ause several of the theories in question 
have been eitluM’ abandoned by their autliors*or have failed 
to secure general apiy’oval. Others are unsuitable except 
for laboratory investigations, and of tlie remainder only 
one— the straight-line theory — has been generally adopted 
by engineers and public authoritjc’s throughout the world. 

* Mnemo)]ic Notation for Engineering Formulae. (London: E. Sc 
F. N. Spon, Lid., 1918.) ’ 
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For these reasons, a brief review of the subject will serv(!; the 
purpose of this work. ‘ ■ 

Ordimmf Beam Theory Arbitrary Modifications . — In 
the early days of reinforced concrete, long- beforO the true 
princi])les of the combination were understood and when the 
need for taking into account tlu elastic modular ratio for 
the constituent materials was not generally recognized, the 
methods of calculation adopted by ,})ioneers were based in 
the tnaiii upon the ordinary theory of flexure for homogeneous 
materials with modifications suggested l)y practical exjiericnee. 



Many formuhe of the kind embody theorc'tieal (‘rrors of 
more or less serious character. In s])ite of this theoretical 
drawback, some of them have been cm])loyed for a long 
})(‘riod of y(‘ars in the design of thousands of stj’uctures with 
entirely satisfactory results, and are still in extensive* use — a 
result which is probably attributable to the wide* experience 
auel intuition of the enginee*rs making use* eif such fe)rmulae. 

A thee)ry aelopted by several Cemtinental firms is illustrated 
in Fig. 29. Ily the employment of steel bars eif equal 
se‘e*tional are*a in tensiem and e*e)mpre*ssion, it is assumed 
tliat the neutral axis eiccupies a ce*ntiv/i peisitieai, and that 
th(‘ reepiir.eel sectional areas e>f steel may be computed for 
equal stresses in the same way as the flanges of a steel girder. 
As the compressive as well as the tensile strength of the 
concrete is neglected, the effective resistance of the beam is 
assumed to be due entir^ely to the steel, the duty of the 
concrete being merely to provide a connecting web between 
the two areas of steel. 
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fn accordance wftlf this theory, the equation for the 
resistance rnomicnt is : 7? ♦= cs-Ac-a = t^A*a. 

Beams so designed cannot regarded as constituting 
genuine t’cinfofced concrete, and this method of trying to 
utilize the owhnfiry flexure theory in reinforced concrete 
beam d(\sign, embodies t\v*o theoretical errors : (1 ) Unless the 
steel bars were loosely inserted in holes formed in the con- 
crete — a procedure qqite inadmissibl(‘ for the reason that 
the eoneret(‘ would thereby be unable to act as a eomif^cting 
web — the neutral axis could not be at the centre lin(‘ of the 
section. If the area of the; compression reinforceuu'nt is 
equal to that of the steel in tension, the luaitral axis must 
be above the centre line. (2) Tlu* compressive resistance 
of the concrete cannot be got rid of by an act of volition on 
the part of the designer, and must always take a consideniblc 
proportion of the stress above the neutral axis. Therefore, the 
comprc'ssive r(‘sisiance of the steel cannot lx* fully dev(‘l()ped. 

In practical work there is no objection to this method on 
the score of safety, providing the ultimate eompr(‘ssive 
resistance of th(' concrete is not exceeded. Moreover, in 
beams where (;ompr(*ssion reinforccanent is r('(|uire(l, the 
steel can be appli(‘d with economy under this nu'thod, for 
the n'asoii that the permissible stress is not limited to in 
times tlie stress in the concrete. 

Some methods of calculation based upon modifications 
of the ordinary flexur(‘ theory embody the error of equating 
the mqmcnis of the internal forces instead of eijuating the 
forces themselves.* Of cours(\ if the forces and tlu* distance 
from the neutral axis of the point at which ('aeh force may 
be regarded as acting happen to be ecpial, the result will be 
the same as thai'^^iven by the correct procedure. But any 
inequality of th(‘ forces, and any deviation o^ the neutral 
axis from the centre-line of the beam section will inevitably 
lead to erroneous results. Formulae coming under this 
category usually omit to take account of the elastic properties 
of the concrete and the steel respectively, and involve the 
. misconceptions that each stress area can be treated inde- 
pendently, and that the full resistance of the steel in 
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compression and in tension can be devefoped simultaneously, 
the latter being a condition obtaiising only when the^ neutral 
axis is abnormally low anc^ when the compressive stress in 
the concrete is far beyond safe limits. * 

One formula of the kind even involves the assumption 
^ that the compressive str(‘ss area is" of rectangular form, the 
stress intensity at tlie neutral axis being taken as equal to 
that at the extreme fibres. This curious hypothesis, how- 
ever, ‘^s corrected in practice by taking the permissible stress 
in the concrete at about half the value of the extreme fibre 
stress customarily allowed. 

While admitting the fact that empirical forrnulte of 
different kinds have been employed with undoubted success 
for a quarter of a century or more by practical experts, 
knowing almost exactly what modifications are required 
to meet special eases, eejuations of this class cannot be 
recommended for general use by engineers and architects. 

Theories’ Based npon J'ariahle Values of 7?c.— Flexure 
theories coming under tliis head are by no means in agree- 
ment as to the distribution of stress in the tension area, 
but with one (‘xeeption they agree in representing varia- 
tions of compression by a parabolic eurv(‘. Figs .30 and 
31 illustrate two theories Imsed upon the variation of 
the elastic modulus Ec in compression with the increase of 
stress, and ujion the hypothesis that the modulus is of the 
same value in tension as in compression within limits denoted 
in the diagrams by a change in the direction of the tension 
stress-strain curve. In one diagram the direction changes 
gradually, and in the other it alters suddenly, but in each 
case the parallel portion of the tension area corresponds 
with the condition Ec 0, the assumpt^i being that the 
concrete is csipjible of extension without actual rupture and 
without an increase of stress. Theoriefv involving this view 
of the extensibility of eonerete have been shown by subsequent 
investigations to be untenable. 

A theory somewhat akin^to tliat illustrated by Fig. 31 
is diagrammatieally represented in Fig. 32, the value 
* of Ec both in compression and in tension being taken as 
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constant as as the points ’yhere changes of direction 
take pla^ 3 c in Ihe curves. S^eyond the point in the compres- 
sion area^, the value of Ec is constant at its reduced 
value and beyond the point in the tension area the value 
is Ec — 0. • * 

Another theory, illustrated in Fig. 33, is based upon 
the variation of the elastic modulus with stress intensity, 
and upon the value the modulus being lower in tension 



FifSO Fi^.3L. Fi^.32 Fi^.33 ^^-.34 


than in compression, both of these conditions being in 
accordance with experimental data, although the precise 
relation between the value ot the modulus in tension and 
in compression remains to be determined. 

Fig. 34 represents what is commonly described as the 
parabolic theory, which is based upon the variation of the 
elastic modulus in c()ni})ression and disregard of any tensile 
resistance by the eonerete. 

Theories Based upon Constant Values of Ec,~~¥\vxme 
theories coming under this head are illustrated in Figs. 35 
to 39, which are fairly self-ex})lanatory. The erroneous 
hypothesis embodied in Fig. 35 that the elastic modulus 
possesses the same \‘onst ant value, both in compression and 
in tension, dates from the early days of reinforced concrete. 
Three difrerent views ^>f the lower value of the elastic modulus 
in tension are represented in Figs. 36, 37, and 88. In the 
first of these the value is constant throughout ; in the 
second the value corresponds *\'ith that in compression 
until the direction of the curve is suddenly changed, and 
beyond that point the reduced value is still constant ; and 
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in the tiiird the value of the modulus in tension is equal to 
that in tension as far as tin; poiAt beyond wfiieh Fc = 0. 
Fig. .‘39 illustrates the ‘generally ado])ted fonn of the 
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sirai^^ht-line theory, where the value of Kc in compression 
is constant and the tensile resistance of the concrete is 
entirely neglected. 

Parabolic and Straight-Line Formulae.— In laboratory 
investigations into the behaviour of reinforced concrete 
beams under test h)ads it is often necessary to determine the 
tensile stresses up to the stage of loading when th(‘ first 
crack is observed in the concrete, and for such })urposes, as 
well as for tests to destruction, fmmmla' are rccpiired wherein 
account is taken of the tensile resistance of the concrete. 
Equations of the kind may be based upon the straight-line 
or the })arabolic distribution of stress, the latter being more 
acc’urate because it corresponds more closely to experi- 
mental data, es])ecially when the limits of ordinary working 
stress have been passed. 

In the design of reinfor(*ed concrete beams, formula* 
including consideration of the tensile resistan(*e of concrete? 
are not necessary and should never be^mployed. C'onse- 
queutly from among the numerous sets of rules which have 
been derived from theories such as those? briefly discussed 
in the preceding paragraph only two' varieties remain for 
adojdion irv ordinary })ractice, namely : formula* based upon 
the parabolic theory, and formula* based upon the straight 
line theory. ‘ 

The effect of the ])arabolic theory of stress distribution 
where applied to the design of beams may be gathered 
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from the series of diagrams givei^as Figs. 40 to 48. These 
(liagraitiii are based upon* ttie results of the exceedingly 
valuable invest ig^at ions of lh’ofev>^‘ Talbot at the Thiiversity 
of Illinois, and also serve the purpose of enabling the reader 
to comf)are the ])?irab()lie and straight-line tlu‘ories at four 
different stages of loading! at which the deformation of the 
extreme fibres of the fonerete ranges from one-fourth of 
its limit in (rompression uj) to the ultimate limit. 

The parabolic curves NB r(‘])resent the distributions of 


ABC A B C 



ABC A B C 



stress corresponding with variations in the value of the 
elastic modulus, and the straight lines, NC, represent distri- 
butions of stress ih accordance with an assumed constant 
value of the elastic modulus. In each diagram* N denotes 
the position of the meutral axis, AB and AC representing 
the extreme fibre stresses according to tlic two theories, 
respectively. 

However useful it may be »for laixmitory operations 
involving tests where the stresses developed are higher 
than those permitted in practical work, the parabolic theory 
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offers no appreciable advantage to the desigm'r. This point 
is made clear by Fig. 40, wh(a*i, for a dcforination equal 
to one-fourth the limit in*’ compression, the maximum fibre 
stress is about 0*45 per cent, of the ultimate resistance of 
the concrete, and there is very little difference between the 
lines NB and NC. Still less difference exists between the 
same lines when the deformation is such that the maximum 
fibre stress is 0*25 per cent, of tin ultimate nsistance of 
the conerete. 

Consequently, within the limits of pc'rmissible working 
stresses there is very little to be gained by ado])ting the 
parabolic theory, wdiieh requires almost (‘xaetly the same 
proportion of steel as tension reinforeemeni, and offers only 
a small advantage in respect of the concrete. 

Formulae on the straight-line theory mix* less eom})licat(‘d 
than those derived from the parabolic theory, and any (‘iTors 
due to straight-line formula* simply add to the factor of safety. 

Compression Reinforcement in Beams.- Although steel 
is always more economically appli(xl iji tlic forni of tension 
reinforcement, its employment as eom})ression reinforcenu-nt 
in beams and kindred members is often desirable. 

Steel can be so used with advantage in (*as(*s Avhere rela- 
tively heavy loads have to be carried by beams whose 
external dimensions must be kept within limits governed 
by structural and architectural reciuirements. 

Moreover, reinforcement is ne(*essary on both sides of the 
neutral axis of any beam subject to alternations of stress, 
and in such a case the designer naturally takes full advantage 
of the steel by including in his calculations the additional 
resistance offered by compression reinforcc'ment . Fig. 44 
repr/?sents diagrammatically the case of three* continuous 
beam si)anS wKere reversals of stress may occair in conse- 
quence of unequal loading, and the duties of the tei^siou and 
the compression reinforcement are liable to temporary inter- 
change. Therefore it will be seen that the adoption of 
compression reinforcement may be doubly justified. 

It should be borne in mind that the stress in steel used 
as compression reinforcement must be limited to ni times 
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•in * 11:^0 concrete, in order that the 
square inch >le to work together in the requiV^d 
the permissi 

stress ip the.ng the applicatjon of steel in cpIV\- 
tion, values diat has already been said concerning 
unforced concrete, 
udents, however, it may be useful 
r a little more fully. 

>ns under whi(‘h comiKcssion rein- 
l upon to withstand tension owing to 
/ill first inquire whether the employ- 
ission can be avoided by an increased 


ExampU 
Tension . — 
or ^ = 1, jl 
permits th(. 
in Fig. 45. 



. tension, in <‘ases where it is required 
1 resistance without a corresponding 
isions of a beam. 

X this can certainly be done, but not 
y. leaking it as an essential condition 
e stress in the concrete shall be kept 
any increase in the proportion ol tension 
volvc reduced economy owing to the fact 
lywering of the neutral axis will make it 
that file cuhscqiient tensile resistance of the 
imiiossible to dcveloji fnl-v^erjiiissible resistance of the 
steel. On the other hand, utilization of an increased 
steel were taken as a basi^ would be accompanied by 
amount of tension reinf^ concrete, 
excessive compressive substitution of aT-section for 
It may be notcd^ijj permit a larger amouat of 
a rectangular scf^ be employed advantageously, 
tension reinforr 
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owing to tVic larger area of eo m • • 4. 

compressive stress. ^ IcsigmT. This pom 

But wc are now acting upon t*- tleiormatMm cqua 
incr/ease is permissible in the width niaximurn re 
form of a compression flange. 

employing compression reinforcemc^^^^’^^^*^' between le 

sidered in connection withT-bcams, between e 

with a beam ofT-section, any prop maximum 

its loaa-bearrng capacity would invoJ^”‘^^^^ resistant ( o 
nature with those presented by the ca5- , . 

With the object of explaining 
additional steel as tension reinforcer^^ 
pression reinforcement alone, or as t^ ^ same 

reinforcement in a beam design alre^^^^’ ofhrs on \ 
performance of a given duty in the , 

we give below a few^ numerical exa^’^' com]) it a et 
the aid of formulae which will be fou'^^’T’ ^ 

In comparing these results, it T r 

they are merely intended to illustraf^*"^^^ ^ 
and not to establish fixed relationships tension 
methods of applying additional steel, reinioicenKii 

of a constant ratio being out of the 
variability of the principal factors invd V 

In the subjoined examples and dii 
tension reinforcement, Ac — area of limits go\crne 

ment, b — breadth of beam, d = effec^'^^^^* r ri » 

n = depth of neutral axis from top of 

depth of centre of comprcvssion reinfof ^ 

beam, and here taken at 0*ld. The aA^'^ 

are not stated in square inches, but 

expressing their relationship to the- ^ amount of 
steel in Example I, which is proporom ^ gj^^jjariy, 
specific measurements are not giA^^ {or b d n and i, the 
relative proportions of these beingi^’^- diagrams. 

The compressive stresses in the cone. ^ steel, and 

the tensile stress in the steel are stated ^ rlpnotinc 

pounds per square inch. The permissible . are limited 

to 600 lb. per square inch for concrete a^i. qqq \\y^ pei 
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square inch for steel. In the*case of steel in compression 
the permissible stress is limitcjl to m times the permissible 
stress ip the concrete. In oitlcr to avoid needless complica- 
tion, values are given in round numbers, as far as possible. 


K-— — & — -H 




Example /. Beam, with “ Economic ” Proportion of Steel in 
Tension. — Here the area of steel in tension is taken at unity, 
or ^ = 1, and represents the “ economic ” proportion which 
permits the working stresses to be fully developed as shown 
in Fig. 45. The relative value of the resistance moment as 



calculated is expressed as R 100 for the purposes of 
comparison. 

Example II. Beam with Excess Proportion of Steel in 
Tension. — In this case, as represented in Fig. 46, double 
the proportion of steel is used in tension, with the result 
that the neutral axis takes a lower [)osition. Consequently 
the larger compressive stress ar8a increases the total com- 
pression, while on the tension side, the usefulness of the 
larger area of steel is impaired by the fact that the working 
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stress must be limited to 10, ^^00 lb. per square iuch, in order 
to avoid overstressing the concrete in eompressiom For .^] 
these reasons the resistance mdment is not greatly increased, 
its relative value being R ~ 124. )f 

Exaynple IJI. Beam with “ Economic " Proportion of Steel ^ 
in Tension, and an Equal Proportion Added in Compression , — e 



Fkj. 47 


Here, in addition to A -=^\ of steel in tension, we have 
Ac — 1 of steel in compression. Proceeding first upon the 
assumption that the saf(‘ resistance of the concrete may be 
fully dcvelopcid, we find this to be inadmissi))le, because, 
as shown in Fig. 47, the eorresjionding tcaisile stress in 
the steel, owing to the higher [)osition of the nenlral axis. 



u ^ 

would be over 20,000 lb. per square inch. FiVen if this were 
permissible, the resistance moment w(tuld be only R = 126, 
approximately. 

Taking the limiting stress of 16,000 lb. per square inch for 
the steel in tension as a ftasis, we next find as represented 
in Fig. 48 that the maximum compressive stresses in 
the concrete and steel above the neutral axis arc reduced 
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4!»uib. an^ 4,901)10, per squjire inch respectively, and 
at for the resisting moment we must be content with 
= 102.t Therefore no apprc^'iable increase of resistance 
gained by tlie extra area of steel employed. 

Example IV\ Beam as in Example III, hui with Increased 
^oporiion of Steel in Tension. — As the beam in accordance 
Eth Example I permitted the full working stresses in both 



concrete and tlu‘ steel to be attained, it is obviously 
i&sirable to avoid disturbance of these conditions when 
providing for tlie addition of compression reinforcement. 
Referring to Fig. 49, h^t us start, as in Fig. 45, with 
= 1, and then add Ac - I as in Fig. 47. Next, to 
!|5ounterbalance Ac and to avoid any disturbance of the 
jaeutral axis, we will increase the amount of steel in tension to 
A = 1’5, the whole of this acting at a stress of nearly 
16,000 lb. per square ineh, and Ac — 1 acting at 6,500 lb. 
per square inch. The result is that for the resistance moment 
we have the relative value R — 142, approximately. 

Comparison of Examples I to IV. — To enable the results 
to be seen at a glance, they are stated below in tabular form — 


^xain]>le 

No. 

iiclat ive Areas 
of Steel (total). 

Relative Values 
of J{. ' 

Relative Values of 
U nor Unit Area 
of {^teel. 

1 

1 * 

100 

100 

- 

2 ' 

124 

g2 


2 

102 

51 

4 

2i 

142 

1 _ 

57 


These figures clearly suggest that in cases where a com- 
paratively small increase of resistance is required, the most 
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economical plan is to increase the proportion of tension 
reinforcement in preference to employing compression 
reinforcement. ' 

With the object of ascertaining the effect of the two 
methods of procedure in a case where the rei^istance has to 
be largely increased, two further examples will now be taken. 



Example V, Beam as in Example 11^ but with Greater 
Excess of Steel in Tension, — In this case the proportion of 
steel in tension is inci’cased to A — b, as represented in 
Fig. 50. Owing to the fall of the neutral axis, the steel 



in tension is employed to great disadvantage and the effect 
on the resistance moment is that we have the relatively low 
^ value R == 156. ^ 

Example y I. Beam as in Example IT\ but with Increased 
Proportions of Steel in Tension and Compression. — Here, as 
shown in Fig. 51, we have the same total amount of steel 
as in Example V, but distributed in a different way, thanks 
to which the position of the neutral axis permits the working 
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stresses in the concrete and the {(jision reinforcement to be 
more fully utilized. Consequently, for the resistance moment 
we now get the relative value R *=*204, approximately. 

From these additional examples, it is evident that com- 
pression reinforcement is much more efficient than excess 
tension reinforcement where considerable increases of resis- 
tance arc necessary. The only limit to the number and 
«(.liameter of the bars is that fixed by the dimensions oMhe 
beam in which they are to be employed, whereas the limit 
m the case of excess tension reinforcement is reached at a 
much earlier stage, being due to the rapid fall of the neutral 
axis with successive increases of steel. 

The chief drawback of compression reinforcement is that 
as the steel must deform eciually with the concrete in which 
it is embedded, the stress intensity in the steel is governed 
by the clastic modular ratio of the materials and by the 
stress intensity in the concrete at a point corrcsjionding with 
the centre; of the reinforcement. Consequently, the stresses 
devclojied in the e.ompression reinforcement are very much 
lower than those in steel employed as tension reinforcement. 
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WEB STRESSES IN BEAMS ; COMPRESSION AND TENSION 
MEMBERS ; MEMBERS ITNDER COMBINED STRESSES 

( 

WEB STRESSES IN JB^^AMS 

General Principles.— In the introduction to the general 
theory of beams at the beginning of Chapter V, reference 
was made to tlie distribution of shearing stresses in homo- 
geneous beams, but discussion of the subject in connection 
with reinforced eoncret(‘ beams was reseived lor tlu‘ present 
chapter. 

Attention has been given so far to the main horizontal or 
longitudinal stresses involved in the calculation t)f resistance 
moments, which are generally and in many eases quite 
correctly regarded as denoting th(‘ capacity of a beam to 
carry the required loading. 

In the case of reinforc(‘d concrete beams, however, the 
secondary or wtI) stresses may [)c of such intensity as to 
cause the failure of the beam before it has been loaded to 
an extent justified by the calculated resistance moment. 
Therefore it is necessary to pay careful attention to w'cb 
stresses in the d(‘sign of reinforced coiu'rctc beams. 

The stresses coming und(‘r the general head of wR‘b stresses 
include horizontal shearing stress, or bond stress, around the 
reinforcing bars, shearing stresses in various directions, and 
tensile and compressive stresses acting in directions not 
parallel to thfc axis of the beam. 

In resistance moment calculations^, it is usually assumed 
either that there is no tension in the e{)nerete, or that any 
tension therein is negligible. At sections of a beam where 
the bending moment is <^f maximum value, or is sufficient 
to develop tensile stresses causing virtual, although perhaps 
not visible, failure of the concrete, the assum})tion is justified. 

104 
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But at other sections, where tjie bending moment is of 
relatively small value, tensioi\ exists in the concrete and 
cannot be^negletjted when web stresses are under consideration. 

Shearing Stress Around Longitudinal Bars.-- In order 
that true beanf aclion may^ take place in a reinforced concrete 
member, there must be an (df(T*tive web eonneelion between 
the tension and compression elements, and in beams where 
web i‘(anrore(‘m(‘nt is not employed the eonerete aejs as 
a web. 

As the bending moments vary from point to point in the 
length of a beam, the amount of tension in the reinforcing 
bars and the amount of compression in the eonerete above 
the neutral axis vary from section to section along the 
beam. The increments of tension and com]>r(‘ssion between 
sueec^ssivc; se(*tions must be connected by means of the 
web, or, in other words, the increments of tensile stress in 
the steel must be tiansferred to, or connected with, tlie 
ineremenls of compressive str(‘ss in the concrete. 

Assuming the al)senee of web reinforcement, tlu^ transfer- 
ence of tension from the longitudinal bars to the surrounding 
eonerete is aeeompanied by horizontal shearing stress, some- 
times termed ^rip, bond, or adhrsdon stress, tending to dt‘stroy 
the grij) or bond between the materials, and to make the 
bars slip in the eonerete. The stress in question is resisted 
by the grip or lumd, which is measured in terms of the 
surface of the bars in contact with the eonerete. Thus the 
duty of tiu* grip i\ similar to that of the rivets used in 
eoimeeting tlu* web m('ml)ers and tlaiiges of a st(‘el lattice 
girder. 

In beams when* the bars are straight throughout their 
length and where the absence of tension in the concrete may 
be reasonal)ly assumed, the conditions affecting fhe integrity 
of the bond between the steel and the concrete are of simple • 
character. But near the ends of beams where ^ome or all 
of the bars are bemt u]), the arrangement of the bars and 
the existence of tensile and c5mpressive stresses in the 
concrete give rise to complications which vary from case 
to case. 
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Vertical and Horizontal Shearing Stresses.— In accord- 
ance with accepted theory, vertical and liorizontal shearing 
stresses ol* varying intensity exist throughout a beam, the 
intensity of the vertical shearing stress at any point being 
equal to that of the horizontal shearing stress at the same 
point. 

Horizontal shearing stress in the concrete performs a 
necessary duty in transmitting increments of tensile stress, > 
transferred from the rcinforeing bars, to the compression 
area of a beam, and in connecting the increments of tensile 
and compressive stresses on either side of the neutral axis, 
thereby enabling the concrete to act as the web of the beam. 




Fig. r)2 Fig. 5:^ Fig. 54 

The distribution of shearing force IVoin point to point 
along a reinforced eoncrete beam follows the law governing 
the distribution of the same force in a beam of homogeneous 
material. But the variation of the intensity of the horizontal 
and vertical shearing stress at any vertical section differs 
from that in a homogeneous beam owing to the influence of 
the reinforcement. 

In a homogeneous beam, as already stated, the shearing 
stress intensity is of maximum value at the neutral axis and 
diminishes to zero value at the ujiper and lower extreme 
fibres, as represent (‘d liy Fig. 52. 

In a reinforced concrete beam, the shearing stress intensity 
above the.neuti’al axis may be considered, for all practical 
purposes, to decrease as in a homogeneous beam, although 
the precise rate of decrease differs with any variation from 
the straight-line deformation theory. If tension were absent 
from the eoncrete, there would be no change in the shearing 
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stress intensity between the neutr^il axis and the centre of 
gravity of the reinforcement*. TJierefore in accordance with 
the usual gissumptions, P"ig. 53 represents the distribution 
of horizontal shearing stress over any vertical section of a 
reinforced coner*et(i beam. 

As a matter of interest, rather than one of practical 
importance, it may be mentioned that the existence of 
iongitiidinal tension in the concrete has the effect of modifj^ng 
the distribution of the shearing stress, the intensity of which 
varies as shown in P'ig. 54. 

Diagonal Tension. — In addition to the horizontal and 
vertical shearing stresses hitherto considered, shearing, 
tensile, and compressive stresses exist in every diagonal 
direction in a reinforced concrete beam. The horizontal 
components of th(ise stresses arc dealt with in the calculation 
of the resistance moineiii, and the diagonal stresses remain 
to be taken by the web, whether this consists of concrete 
alone or of concrete with web reinforcement. 

It is shown in Chapter V that the direction of the maximum 
tensile stress in a homogeneous beam is horizontal at the 
lower fibres and beconu's more and more inclined as the 
neutral axis is approached. Moreover, as will be observed 
on reference to Fig. 15, the lines of maximum tensile 
stress towards the ends of a beam are always inclined. 

The important diffenmee between the conditions prevailing 
in the middle portion of a beam and in the two end portions 
is one deserving atteivtion. 

In the middle, where the btmding moments are relatively 
great, the concret(j has failed in tension, from the bottom 
of the beam to some point near the neutral axis, before the 
average working stress has been reached in the reinforcement. 
Therefore any tensile resistance on the part of the concrete 
is of no practical vafuc so tar as resistance moment is 
concerned. The horizontal tensile stresses are much less 
in the end portions than in the middle portion of a beam, 
and, in a beam under uniformly* distributed loading the 
shearing stresses are greater at the ends than in the middle. 
Consequently, the lines of maximum tension are entirely 
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diagonal in direction and^their inclination increases with the 
prcponflcrancc of shearing stress. The tendency of the 
diagonal tensile stresses iii the end porti<}>ns of- a beam is 
to cause failure of the concrete in tension. The longitudinal 
bars an; not of very much help in preventing such failures, 
and in beams without [)roperly designed web reinforcement, 
the main resistance to diagonal tension is that furnished 
bvothe tensile strength of the concrete. ' 

Failures by diagonal tension were formerly supposed to • 
result from shear, but their true character is now generally 
recognized. As tlu; value of the diagonal tensile stresses 
cannot be determined by calculation, the; intensity of the 
vertical shearing stress is taken as a convenient measure of 
the diagonal tensile stress developed in a beam, with the 
understanding that the actual diagonal tensile stress is 
considerably greater than the calculated shearing stress. 
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Fig. 55 illustrates the ])osition and direction of the 
cracks in a typical diagonal tension failure, the reinforcing 
bars b(‘ing straight throughout. Such failures usually start 
from tension cracks in the bottom of the beam and extend 
more' or k‘ss vertically as far as the reinforcement. Above 
this the cracks run in a diagonal direction as shown. 

Diagonal tension failures in beams without web reinforce- 
ment g(‘nerally occur without previous warning. In beams 
where som(‘ of the bars are bent uj) towards the; ends, the 
inerca'^ed resistanc(‘ to diagonal teitsion is very marked if 
the bars are securely anchored at their end, and failure only 
occurs after due warning. If bent-up bars are not effectively 
anchored, their efficiency in resistance to diagonal tension is 
relatively small, a point apparently indicating that the bars 
are liable to slip in the concrete by failure of the bond. 




Chai’. VI] THEORY OF REINFORCED CONCRETE M)6 

• » 

Bent-up bars are frequently entpjoyed in connection with 
U-shaped stirilips, and thfc conA)ination has been found 
to give high wfib resistanc(‘ aiqj^slow failure, with anij)le 
warning. * 

In the case of ccfntinuous beams, where the upj)cr part of 
tiui beam near the support* is in tension, the bars which are 
bent up on either side of the su])port should Ix' shaped so 
that th(i inclined part may terminate near the ])oints of 
eontrallcxure, b(‘iug continued horizontally o\'cr and tvell 
beyond the support. Wherever practicable, the bars should 
be continuous over th(‘ supports of two or more spans, 

(OMFBESSION MEMBKBS 

I )cfin if lorn. --As stated at th(‘ beginning of Fliapt(T V, the 
general (‘xpression com})rcs,sion member denotes all varieties 
of members subject to longitudinal compression. 

A column is a vertical su|)])ort which, in architecture, 
consists of a cylindrical or slightly tajKTing Hhaff set vcTtically 
upon a base and surmounted by a capital. 

A pillar is a vertical support of any form, g(aiera.lly dis- 
tinguished by architects from a column for the reasons that 
it may b(‘ ol an\ cross sectional sha[)e and is not governed 
by the rules of classic architecture. 

A strut is a vertical, horizontal, or diagonal brace or su})port. 
In engineering, th(‘ term strut is often employed specifically to 
denote any compression member in a framed strueturc'. 

The ])rinciples underlying the design of compression 
members apply ecpially to columns, pillars, and struts. In 
th(‘ present section, and elsewhere in this work, the word 
column is used as a convenient term denoting a typical form 
and not all varieties of compression members. 

General Considerations.— For columns artd other struc- 
tural members subject* to direct compression alone, concrete 
is more economical than steel because, using ihe values 
generally applicabk' to comparisons of the kind, the cost of 
concrete is one-fiftieth that of steel, and its compressive 
strength is one-thirtieth that of steel. 

Therefore, while for equal strength in compression the 
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sectional area of a concrete column would be thirty times 
that of a solid steel column, the cost of the much larger 
quantity of concrete woui(f be only three-fifths that of the 
steel. 

From the foregoing comparison, it is' evident that rein- 
forced concrete cannot be so economical as plain concrete 
in the form of simple compression members, and that the 
relative cost of reinforced concrete inereases in direct pro- 
portion to the amount of steel included as compression 
reinforcement. 

In eornparing the cost of reinforced concrete and steel 
in the form of compr(‘ssion members we have to take into 
consideration not only the amount of steel employed as 
reinforcement in the concrete but also the fact that, in 
accordance with the clastic theory, the compressive strength 
of the reinforcing steel cannot be fully developed without 
involving excessive stress in the concrete. 

Thus, on the basis m - 15, compressive stress in the 
steel must not be more than fifteen times that in the concrete. 
It follows that the cost of reinforced concrete increases 
rapidly with the proportion of steel, and that a point is soon 
reached where the cost of reinforced concrete equals that 
of steel. 

The foregoing comparisons, like those made with regard 
to beams, are merely intended to illustrate theoreti(*al 
principles in a general way, and it must not be inferred that 
the values taken for the relative strength and cost of concrete 
and steel are of universal application in everyday practice. 

In comparing the cost of practical columns of reinforced 
concrete and steel, respectively, three points deserving 
attention arc the following— 

1. The \ise of coiicrete possessing high compressive strength 
may permit the resistance of the ireinforcing steel to be 
utilized nparly up to the |)ermissiblc limit for steel employed 
independently. 

2. The cost of riveted steelwork, as represented by 
built-up columns, was about 70 per cent, more than that of 
ordinary rolled bars at pre-war rates, and will probably be 
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something like 100 or ’150 per ceht^. more in future unless the 
increased cost of labour* is accompanied by increased 
production. 

3. The cost ol* encasing sled columns, necessary in building 
construction for protection against fire, and the cost of 
painting and maintaining tmprotceted steel columns in other 
classes of construction, arc items of expenditure which are 
, obviated by the em[)loyment of reinforced eonercte. 

Longitudinal and Transverse Reinforcement.— Al- 
though a reinforced concrete column might be made with 
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longitudinal reinforcement alone, it would represent an 
incomplete and undesirable type of design. 

Transverse reinforeennent of some kind is necessary to 
brace the main bars and to share with thcrtn the duty of 
binding the concrete together laterally. 

A good idea of the maimer in which longitudinal and 
transverse reinforcements act may be obtaineU by con- 
sidering a very short column, si^ch as that represented in 
Fig. 56 reinforced by longitudinal bars. The effects of loading 
applied at the to}) are to tend to cause longitudinal shortening 
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and lateral expansion of ‘the concrete, accompanied by 
outward bending of the bars, as'dndieated diagrammatically 
by broken lines. As might* be expected, the bars would bend 
more readily because their length is great In proportion to 
tlicir diameter. 

The bars can be rendered far more effective by the addition 
of transverse links or ties at frequent intervals, as in Fig. 
57, so as to rediiee the bending of the bars to a minimum, 
aiK^to furnish resistance to the lateral exj)ansion of the 
eonerete. As a matter of faet, the bars ean only bend 
b(‘tween the links to a small extent and at the links to the 
still smaller extent ])ermitted by stretehing of the links in 
tension. In actual practice the expansion of the eonerete 
and the bending of the bars would be infinitesimal. 

Ry the em])loyment of transverse links, the longitudinal 
bars are (Miabhid to offer increased n'sistanee to shortening 
on the j)art of the concrete, and then^by the* tendency of the 
latter to expand laterally is eorres})ondingly r(*dueed. 

The effect of eoneert(‘d action in tlu* maimer bri(‘fly out- 
lined is to bring int(> play that combination of effort which 
is the basis of reinforced (‘oneret(*, construction. 

Lon^fllindUuil Uriiifurcrtnctd oj Primarif I wportancc . — 
Whetlua* a compression nn'inber is shori or in relation 
to its transv(‘rse dimensions, the longitudinal bars always 
come first in order of inqiortanec'. For iuslanee, in a short 
column th(‘y are of direct aid to the concrete by hel[)ing to 
withstand compression, and to the transverse reinforcement 
by reducing the conijiression and the eonst'qiuait lateral 
expansion of the concrete. Again, in a long column, they 
perform similar duties and also impart stiffness by offering 
resistance to flexure resulting from what is g(‘iu‘rally termed 
column action.'* 

Further, in the ease of piles, longitudinal reinforcement is 
absolutely^ necessary to permit members of this class to be 
transported and slung before they have been driven. Without 
such reinforcement, jiiles would run the risk of undue strain 
as a result of the bending moments due to })reliminary 
handling. 
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i'rmuverse Reinforc&nient of Secondary Importance. — Valu- 
able as transverse reinforcement undoubtedly is, it naturally 
takes a second place as an auxiliary to longitudinal reinforce- 
ment. This fact* is here emphasized for the reason that the 
interesting resujts »obtained by the French Commission du 
Ciment Arme as to tiie effects of close spiral binding have 
sometimes been misinterpreted and misapplied. 

The g(.‘neral purport of the results in question may be 
expressed in tlie statement tliat transverse rcinforeenient in 
the form of close sjiiral binding adds about 2*4 times as much 
strength to the concrete of columns as would be imparted by 
an equal amount of steel in the form of longitudinal bars. 

So far as ultimate strength is concerned, this is doubtless 
true, but the additional strength cannot be developed 
without causing undue shortening and excessive lateral 
deflection. Consequently, this sjiccial form of transverse* rein- 
forcement cannot be regarded as a substitute for longitudinal 
reinforeenumt, })artieularly within the limits of working 
stresses. 

Tension in Transverse Reinforcement.— If the concrete of a 
column subjected to axial compression is restrained by trans- 
verse reinforcement, the resulting lateral compression tends 
to neutralize tin* bulging due to axial compression. Therefore 
the eflicieney of transverse reinforcement depends upon the 
closeness ^)^ its spacing and the tensile resistance of the steel 
to the lateral expansion of the concrete. 

In accord anee with the average value of Poisson’s ratio, 
approximately O’l, for concrete under ordinary working 
loads, the lateral deformation may be taken at about one- 
tenth of the longitudinal deformation due to axial com- 
pression. On this basis, the tensile stress in the transverse 
reinforcement is equal to only one-tenth of the epmpressive 
stress in the longitudinal reinforcement. 

Beyond the elastic limit of the longitudinal reinforcement 
in compression, the corresponding tensile stre!>s in the 
transverse reinforcement increases ^ith the axial compression 
and with the increasing value of Poisson s ratio, which 
attains a maximum of about 0*25 at the breaking load of the 
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column in compression. The tensile {Stress in the transVerse 
reinforcement may then be exjjccted to be . approximately 
equal to the ordinary working stress for steel in tension. 
The fact that the transverse reinforcement is not over- 
stressed, even when the ultimate strength of the column is 
reached, explains the cHiciency of closely-spaced binding 
in raising the ultimate strength of reinforced concrete 
compression members. 

“Ghort^and “Long’* Columns.— The distinction drawn 
in text-books on applied mechanics between “ short ” columns, 
which fail by crushing of the material, and “long” columns, 
which fail either by flexure alone or by flexure and crushing, 
applies also to reinforced columns and compression members 
generally. The terms short and long are by no means appro- 
priate in themselves, as the idea intended to b(‘ conveyed is 
that of shortness or of length relative to the thickiu‘ss of a 
column. Therefore, “ stout ” and “ slender ” would be mor(‘ 
suitable adjectives. 

It should be pointed out, however, tliat the reinforced 
concretes columns used in building construction and in many 
(Masses of engineering construction rarely exceed tw(‘lve or 
fifteen diameters in length, or in unsupport(‘d length, and 
that the results of well authenticated tests indi(‘ate little or 
no difference in strength for ratios of length to least diametc^r 
up to 20 or 25 , Moreover, according to IVofessor Talbot, 
the difference in strength between a column 15 diameters 
long and one 5 diameters long is less than tlu‘ vaiiation 
among several columns of the same length. 

Compression members whose unsupported U^ngtli is moie 
than eighteen times the least diameter may develop what 
is commonly termed colurrm action and must be designed with 
due regarej to*thc stresses resulting from flexure^. 

It is, of course, quite impossible to draw any arbitrary 
dividing line between the two classes of members, as one 
merges into the other by imperceptible degre^es. In the 
case of members liable to^flexure, the longitudinal reinforce- 
ment is particularly valuable, and any attempt to minimize 
the })roportion of steel so applied by increasing the 
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proportion oi transverse ties or* binding can only result in 
smaller resistance to flexure! 

Columns Under Eccentric* ‘Loading. — In reinforced 
concrete columns, as generally employed in ordinary building 
construction, tlie rdtio of unsupported length to least diameter 
is small and column action does not appear to take place. 
If the loading is concentric, it is only necessary to take 
compressive stresses into account, and the sanu; ai)plics to 
columns where the eccentricity of the loading is relatively 
small. In the latter case, the effect of the loading may 
simply be to make the coni})rcssivc stress at one side greater 
than that at the opposite side of the column. 

The designer must on no account take it for granted that 
this will be the only result of eccentric loading, and must 
carefully inquire into the actual conditions in every case. 
If, owing to relativ(‘ly great eccentricity of loading, or to 
any equivalent cause, the compressive stress at either side 
of a column is replaced by tensile stress, the resistance of the 
member will be greatly reduced. 

This remark applies with special force to columns where 
the ratio of unsupported length to least diameter is such 
that column action, involving the dev(^lopment of tensile 
stress, may be expected even in the case of concentric loading. 

Therefore any column which may be called uj)ou to with- 
stand tension resulting from eccentricity of loading must be 
<^alculated as a member subject to combined compressive 
and bending stresses. 

TENSION MEMBERS 

In view of the distinctive characteristics of reinforced 
concrete, it is fairly obvious that from the theoretical stand- 
point, concrete and steel cannot be combined efftciently in 
the form of members s^ibject to direct tension. 

Nevertheless, concrete and steel can occasionally be 
employed with practical advantage in the construction of 
members, resembling compression hicmbers in exterior form 
and in the . arrangement of the steel bars, and intended for 
resistance to direct tension. For instance, in a framed 



REINFORCED CONCRETE 


[Chap.* VI 


lie 

structure the ties are preferably niade\)f reinforced concrete 
in order that the harmony of the design maj be preserved, 
and that the steel may be J^rotected from the corrosion which 
would result if naked steel tie bars were emjDloyed. 

Again, in braced girders subject to variable -load conditions, 
compression web members may be called upon to withstand 
tension, and tension web members to withstand compression ; 
or where live loads are in (piestion, some of the web members 
may have to withstand either tension or compression. 

Hence, concrete and steel are sometimes usci’ully employed 
in the construction of what may be termed, by courtesy 
more than anything else, “ reinforc'cd eonerct(‘ tension 
members.” 

It would be quite possible to design tension members so 
as to [)rovide for the co-operation of concrete and steel in 
joint resistance to stress in proportions govern(‘d by their 
respective elastic properties, and the combination would 
then be justly entitled to the designation “ reinforced 
concrete.” Any design complying with such a condition 
would necessarily involve very low and uneconomical working 
stresses for the steel, as concrete of average quality virtually 
fails in tension when its total elongation corresponds with 
a stress of about 5,000 lb. per square inch in the stc^el. 

Even assuming the employment of steel in a tension 
member and the development of an economical working 
stress, the virtual failure of the concrete in tension docs not 
involve its destruction, because, as previously shown, the 
extensibility of the concrete is very greatly developed by 
the steel, and although its tensile resistance may be destroyed, 
the material retains its usefulness in other respects. 

Mii.iVii5ii.RS UNDER COMBINED DIRECT 
AND BENDINC; STllESSES 

With comparatively rare exceptions, the direct stress in 
reinforced concrete wink is compressive. For this reason 
we need not discuss the effects of combined tensile and 
bending stresses, particularly as the principles involved are 
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similar to those applying to ‘combined compressive and 
bending strcs!?es. 

In any member subject to f];iC last-named combination, 
the rcsulfant fibre stress may be cither (1) wholly com- 
Dressive, or (2-) compressive on one side and tensile on the 
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other side. The dividing line between these two conditions 
is represented by the case where on one side there is com- 
pressive stress, and on the other side the compressive stress 
due to direct pressure is neutralized by the tensile stress 
due to bending moment. 


TV 
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The three sets of conditions are illustrated by Figs. 58, 
59, and 60, these diagrams applying equally to either 
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struts or beams so long as the extfcrnal forces W and P 
act in the relative directicfns indicated. 

In Fig. 58 let the oofhpressive and t(;nsilo stresses 
due to bending moment be c -- 1 and t 1, ahd let the 
compressive striisses due to direct prcsstire. be c' -- 2 and 
c" = 2. Then tlio fibre stresses will be wholly compressive, 
and their relative values will be — 

At the top . . (c + c') - (1 + 2) - 8 

At the bottom . {c" - — (2 - 1 ) — 1 

Similarly, in Fig. 59, for c I, t 4, c' = 2, and 

c" ~ 2, we have compressive fibre stress at the top and 
tensile fibre stress at the bottom, the relative values of the 
stresses being — 

At the top . (c I' c') — ( t + 2) 0 

At the bottom . (f - c") -- (4 - 2) — 2 


W 
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Finally, as shown in Fig. 60, for c = 1, ^ = 1, c' — 1, 
and c" 1, we have compressive stress at the top and no 
stress at the bottom. Thus - 

Ai thatop . (c + c') = (1 + 1 ) = 2 

At the bottom . (^ - = (1 1) = 0 

The case rcjircsented by Fig. 60 is virtually equivalent 
to that slfown in Pig. 58 so far as practical work is 
concerned because the sti;ess between the top and bottom 
fibres is wholly compressive. It is dealt with here simply 
for the purpose of illustrating general principles. 



CeA. VII] 


#OHMUI./E FOR 'BEAMS 


led 

resistance moment in* terms of* ^he tensile stress by the 
symbol Rt, we 'have — • 

Rt = T-a 

By re-grouping these factors and bringing tlu* symbols of 
the pure ratios in front of the symbols of magnitudes, wc 
can obtain an equation in standard form. , 

The dominant ratio r, from which most of the other ratios 
can be obtained, appropriately occupies the first j)laee. 
Symbols denoting pure ratios are naturally followt'd by the 
symbols of the magnitudes in the ord(‘r, (1) force, (2) space. 

The resultant equation therefore takes the following 
standard form — 

Rt = r(l-^y-h-d^ 

If we separate the geometrical magnitudes, or those which 
refer solely to the size of the beam, the equation becomes 

= 

Resistance Moment in Compression. —'YaVxng moments 
about the centre of tension in the steel and denoting the 
resistance moment in terms of the compressive stress by 
the symbol Rc, we have 
Rc == C*a 

=^n,-| c-h‘d^{l - 

By bringing similar quantities together and arranging 
them as before, we obtain the standard form of equation 



Separating, as before, the magnitudes which refer solely 
to the size of the beam, we have 

/?c =1^ n# ^1 - 


(2) 
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Formulae for Stresses and Ratios.— In accordance with 
assumption (3), denoting*" tensile strain in the steel by the 



symbol r, and compressive strain in the concrete by k, we 
have the relations expressed in the following equations, the 
symbols employed being shown in Fig. 63. 

K T 

n d-n 


K n 

T d— 71 

But n = nrd, and (d-n) ^ d~ n,-d ™ (1 - n,)d 
K __ n,-d 
T {l-ni)d 

Cancelling d from the right-hand term of this equation 
we obtain 




(l-n,) 


t c 

As Es and Ec = - we have 

T K 

. T = and K =~ 

Es Ec 

Whence we derive th<5 equation 
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If we multiply both*tIie numerator and the denominator 
of the right-hafid term of the eqiMion by Es we get 

^ K Es'cjEc 
Es-ijEs 

and by caneellation 

K Es'c/Ec 

T t 

t 

Dividing the numerator and the denominator of the 
right-hand terhi by t we obtain 

K Esc/Ec-i 
ijl 

and by caneellation 

— — Es'cjEc't 

T 

Esc 
~ Ecd 

This may be written 

K Es c 
T Ec t 

The ratio of the elastic modulus of the steel to the elastic 
modulus of the eouerete (Es/Ec) is termed the niodular ratio. 
Denoting this ratio by the symbol m we have 

K c 

- = • - 

T t 

By a previous equation it is shown that 
ic _ n, 

Therefore, by combining the two equations, we get 

c tit 

m . — = - 

/ (1-ni) 
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Whence 


(tjni'C) 

(1 -n.) 

i ~ m^c . 

n, 

rii t 


• • ( 8 ) 


• (4) 


• (•' 5 ) 


(1 n,) m, 

I 

Equating the forces acting above and belo\v Hk* neutral 
axis, we have 

T = C 

t-r‘hd — Ic'lhn 

Eut n ~ nrd. Therefore we have 
I'T-h-d \c'h'n,'d 

Dividing both sides of this e(|uation by /ed, it is reduced to 
t-r k-w-/ 


rd — [nrc 

Substituting in this reduced equation, the value for c given 
in (5), we liave 

, 71, t 

rd Jw/ — - 

(1 - rii) m 

Then, eonibining like terms and removing t from both 
sides, we obtain the equation 

.... (6) 

2(l-ni)7n 

From (6) we obtain 

. — 2(1 - n»)m*r 


This is an adfected quadratic equation having two roots. 
But since we know that n,, m and r are all positive numbers 
there can 'only be one rational solution. We may therefore 
proceed in the following manner — 

First, expand the terms within the brackets and obtain 
Th^ — 2m-r"2m*r-W7 
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t'h^n, ad3 2m’m, tft !)oth sidos and cancel. 

Thus, 

+ 2m'r-ni 

The coefficients of the second term is 2m*r. 

Wc must coiii})k*te the broken square by adding the 
square of half the* coctlieient of the second term (?7nr)^ trt 
both sides of the equation. 

This will give 

-h f ('///• r)‘^ ■ (m-t'Y f 2m-r 

But 

11,2 -I 2m-r-ni 1- (m-r)^ — (ui | m-r)“ 

Tluaxfore w(‘ may write 

{n, f tn-ry^ -- {m-r)'^ + 2w*r 

By extracting the square root of both sides \\v obtain 
fh f m-7' -- v/d'w-r]'*^ -j 2w-r) 

Subtracting m-7' from botii sides, we obtain 

n, \ (\'in-r\- + 2m-r) - t7i-7' . . • (7) 

The value of r given by ((>) is the “ economic ” ratio of 
rcinforcenuMit. 

If th{‘ ratio be lower tlian that indicated by 1‘ormula (6) 
the beam will be stronger in conqwession than in tension. 
This means that the eom])ressive resistance ai' the concrete 
cannot b{‘ fully utilized without exceeding the permissible 
tensil(‘ stri‘ss in the reinforcement. 

On the otluT liand, if the ratio be higher than that indicated 
by the sanu* formula, the beam will be stronger in tension 
than in compression,*^ This means that the tensile resistance 
of the steel cannot be fully utilized without exceeding the 
permissible (!onipressive stress in the concrete. 

T-BKAMS WITH SINGLE BElNFOlit'KMENT 
Beams of Class I v^here the Neutral Axis is not below 
the Under Surface of the Flange.— Formuhe for beams of 
this class are essentially similar to those forrectangdlar beams 
with single reinforcement, the o^jly differences being that 
a distinction is necessarily made between’ h, the breadth of 
the flange, and hr, the breadth of the rib. 
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Basis of the Ratio of * Reinforcement. — Tfie rat\o' of 
reinforcement for tee beams can*be taken either (1) in respect 
of the area corresponding with the area b-d in the case 
of rectangular beams, or (2)* in respect of the* area In the 
first method, the value of r, as given by formula (13), is 
trariable with the flange breadth, being expressed in terms 
of a constant area hr^d, and the value for a flange of unit 
breadth, b/br = 1, is a basic value from which, as r increases 
proportionately with the flange breadth, the* ratio of steel 
for any value o^bjbr can be readily obtained by multijilieation. 
Therefore this method facilitates direct comparison between 
values of r for beams of rectangular and T-shaped (toss- 
section. In the second method, the value of r, as given by 
formula (13a), is constant, being expressed in terms of a 
variable area b-d, but the actual area of steel is the same as 
that obtained by the first method, because in calculating 
the steel area the smaller value* of r is multiplied by a larger 
area, b-d, and similarly, the calculated resistance moment 
is the same as that obtained by the first method. Formula' 
for both methods of procedure are given in this section. 

Formulae for Resistance Moment.- The derivation of 
the subjoined equations is sufficiently cx])lained by the article 
dealing with formulae for rectangular beams, and by Figs. 
64 and 65. 

Taking moments about the centre of compression in the 
concrete 

7?/ - - ^ )< br-(P (8) 

The ratio r ~ Ajbr-d for use in this equation can be 
calculated by formula (13), where the factor bjbr provides 
for variation, of the ratio of steel proportionately with any 
variation in the relative breadths of the flange. 

A modification of formula (8) is 

77/ = j^r^l-|'){ b-d^ .... (8a) 

Here, b ~ breadth of flange, and the value of r must be 
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expressed in tcrnis of tfie area b*d, jind can be calculated by 
(I3a), which is identical witli (6) for rectangular beams. 

Taking mornenis about the centre of tension in the steel 



Fig. 64 Fiti. 65 

Formulae for Stresses and Ratios. — The derivation of 
equations (10) to (22) is similar to that of equations (3) to (7). 


th 

1 

■ (10) 


1 -f tfri'C 

i 

(1 -n,) 

• m>c 

■ • (11) 


ni 


c = 

Hi t 

• • (12) 


(1 - ni) m 

r — 

W|2 b 

« • t ... 

• (13) * 


2(l-n/)m br 

r == 

n,^ 

. (18a)t 


2{l ■~n.)ni 


m = 

^f([m•r•brjb f-\ [2m•r•br|b\) - 

[m-r^brlb] . (14) * 

ni = 

^ \/([m-r\^+ [27n-r\)-m^r . 

• (I4'a)t 


Beams of Class II where the Neutral Axis is below 
the Under Surface of the Flange. — For T-beams of this 
class (see Figs. 66 and 67) some of the formulae are not 

* For use in (8). t in (8a). 


9-(5lH9) 
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quite the same as those ^br beams of Class I, because the 
centre of compression in thj; concrete is at the centroid of 
a trapezoidal instead of a 'triangular stresj; are^ (compare 
Figs. 65 and 67). 



Thus, by the usual rule for the centroid of a trapezoid, the 
depth of the centre of compression in a b(‘am of (’lass II is 

\ 6n/ - 86l| / 


Conse(|uently, the arm of leverage of the internal forces is 


( 


1 - 


6ni - 30, 2 j 


and the mean compressive stress in the concrete is 



Formulae for Resistance Moment. — In the following 
equations we neglect the compressive resistance of the small 
area of concrete in the web, between the under surface of 
the flange and the neutral axis. (See Fig. 67.) 

Taking moments about the centre oj compression in the 
concrete * 


Ri - 



3n,-0, -20,2 
Vm, - 3 ^ 


y. 


br-d^ 


(15) 


or modifying the equation in the same way as (8). 


Rt = 


.{ 


1 - 


-2e,n ■ 

6n. - 30' /. 


b-d^ . 


. (15a) 
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Values of r for (15) must be ir/ terms of br-d and can be 
calculated by *(20). Values of r tor (15fl) must be in terms 
of b’d and can J^e calculated by (20a). 

Taking moments about the centre of tension in the steel 


Rc^- 



()W/ - *d0, 


0 . 

'In, 


)^] 


5•^/2 . ( 16 ) 


Formulae for Stresses and Ratios.— Equations (17) to^(19) 
are the same as the corresponding equations for rectangular 
beams and T-beams of Class I. 

Equations (20) and (21) are essentially similar to those for 
the same classes of beams, a point which may be demonstrated 
by reducing the ratio bjbr to unity and taking d, -■ n,. 


1 

1 + tjm-c 
(l-M;) 

i — m-c . 

n, 

n, t 

c ~~ * - . 

(l-n,) m 

_ n,’0,(l -d,l2n,) b 
(l-Wf)m br 

n.’6,(l- 0,l2n,) 
r -- . . 

(1 - n,)m 

r -|- 0,^’(bjbr) 

2m' r + 20, (bjbr) 

n, — (2'm-r f 0,^)l(27n-r 4- 20, |) 


. (17) 

. (18) 

. (19) 

. ( 20 )* 

. (20a)t 

. ( 21 )* 

. (21a)t 


RECTANGULAR BEAMS WITH DOUBLE 
RtRNFORCEMENT 

Formulae for Resistance Moment. — Let Fig. 6p represent 
the cross-section of a rectangular beam where the tension 
reinforcement consists of a rourtd steel bar placed at a 
suitable distance from the lower surface and the compression 
♦ (1) For use in (15). t For use in 
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reinforcement consists of a)*ound steel bar placed at a suitable 
distance from the uppcT sij[r{aee of the concrete. 

The stress in the reinforcement may be r^garde^l as being 
of uniform intc^nsity and as acting at the centre of each 
Imr. 

In cases where two or more bars are employed as tension 
reinforcement, or as compression reinforcement, the stress 
is regarded as acting at the centre of gravity of each group 
of bars. 

In accordance with assum])tion (7), nothing is allowed for 
the tensile resistance of the concrete, and tension reinforce- 
ment must be })ro})ortioned to withstand the total tension 
due to bending moment. 

In the area above the neutral axis compressive stress is 
resisted })artly by the concrete and party by the compri^ssion 
reinfore(‘m(‘nt, the latter being inset at any distance, /, 
below the top of the beam. 

Let Fig. 09 be the stress diagram for the s(‘ction of the 
beam rej)resentcd in Fig. 08. 

Then as / ~ tensile stress intensity in the stect and r-b-iJ - 
sectional area of steel, the total tension is i{r-b-(I) i-r-b-d. 

Similarly, as cs compressive strc'ss intensity in the steel 
and rC'b'd = sectional area of st(‘el the amount of the total 
compression taken by the steel is cs{rc-b'd) c.S'VC'b'd. 

Compressive stresses in the eonerete above the neutral 
axis, regarded as acting at the (icntroid of th(‘ triangular 
stress area, are resisted by the concrete in the area b'n--b'nrd 
and the mean compressive stress in the eonerete throughout 
the area b-nrd is \c. 

Consequently, the total compressive force above the 
neutral axis oJ[ the beam is made u}) of two elements, one 
acting at the centn? of the reinforcement and the other 
acting at the centroid of the triangular stress area in th(' 
concrete. • Thus the total compression is 

cs'VC'b'd + Ic-b'fird — (cs-rc -f lc-n,)b‘d 

The two forces i-r-b-d and (c6’-rc 4 lc'7ii)b'd act in opposite 
directions, as shown by arrows in Fig. 69, and to comply 
with the conditions of equilibrium they must be equal. 
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The resistance moment of the'heam, which must be equal 
to the bending moment dub to t^e total load on the beam, 
including the ayplied load and tfie weight of the materials, 
is determined by taking moments about the centres of 
compression in* tlie concrete and the steel, and about the 



centre of tension in the steel, the forces being those stated 
above and the arms of the eou])les (d - In) and (d- i), as 
represented in Fig. (50. 

Whence w(‘ obtain 

Taking moments about the centre of compression in the 
concrete 


r / 

ni\ 

(ni . \ 

r 


fl -- 1, C.S- 

L \ 

O / 

\ / J 


( 22 ) 


Taking moments about the centre of compression in the steel 


Rt 




b‘d^ . 


(23) 


Taking motnents about the centre of tension m the steel 


Re 


M, ^ 1 - ^ ^ Jc I- rc^ 1 - J . (24) 


In beams where the compression reinforeemeiit is placed 
so that the centroid df the area of the steel bars coincides 
with the centre of compr(‘ssion in the concrete, making 
if = n//3, formula' (22) and (23) can be simplified as follows — 
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and formula (24) becomes., ' 

Rc = j • • (26) 

The reason for the omission of the sgeond term within 
the brackets in (22), (23), and (24). is that its value becomes 0 
when i — n/3 and when i, — w,/3. 

The latter condition is frequently convenient because in 
addition to simplifying calculations it generally ensures an 
adequate thickness of concrete above the compression 
reinforcement. 

Cases sometimes occur, however, where the compression 
reinforcement may be placed with advantage either at a 
greater or a smaller distance above the neutral axis. For 
the design of such beams the unabridged equations (22), 
(23), and (42) are necessary. 

Formulae for Stresses and Ratios.—For beams where 
the relations between r and rc have been determined by 
formula? (32) and (33) we have, as before. 


n, — 


1 

1 + tim-c 


(l~w,) 

t r= — 

n, 


(27) 

(28) 


(29) 


n» i 
(l-n/)m * 

For the compressive stress intensity in the steel above the 
neutral axis, we have 


(Wi ~ ii) 

cs — -m-c 

n, 

, {n, - ii) 

' c.v= '-t . 

(l-n,) 


(30) 


(31) 


Equating the forces acting on either side of the neutral 
axis we have 

t-r-h'd — |- cs’rc)h»d 

and by reduction 

t*r — (Jc'W# 4- cs'Tc) 
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Substituting the vafues for c an^i cs given by (29) and (81) 
and reducing, \ve obtain • * 


• ni^# .. (n,-ii) • 

r = 1- ‘TC 

2(1 -ni)nt ‘ (1 - fit) 


(82) 


2(1 - ni)m'r - 

rc^ .... 

2(w# “ ii )m 

n,= \/([m{r + rc)Y f 2m[r -f rc-i,])~m\r-\-rc] 


( 88 ) 

>(84) 


It should be noted that in all beams where the tension 
and compression reinforcement is employed in the pro- 
portions governed by (32) and (38), the value for n# as 
determined by (34) is the same as that given by (27). 


T BEAMS WITH DOUBLP: llEINFORC EMENT 

Beams of Class I where the Neutral Axis is not below 
the Under Surface of the Flange. — FormnhT for beams of 
this class are essentially similar to those for rectangular 
beams with double reinforcement, the only difference being 
that in some of them a distinction is necessarily made 
between the breadth of the flange, and hr, the breadth of 
the rib. 

Basis of the Ratio of Reinforcement. — As previously 
explained, the ratio of reinforeeincnt for te(‘ beams can be 
taken either (1) in respect of the area hr^d, corresponding 
with the area b-d in the case of rectangular beams, or (2), in 
respect of the area b'd. Formulge for both methods of 
procedure are included in this section. 

Formulae for Resistance Moment. — The derivation of 
the subjoined eejuations is sufliciently explainjsd by preceding 
articles, and by Figs. 70 and 71. 

Taking moments about the centre of compression in the 
concrete 


(85) 
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lep 

or, modifying the equatio|i ‘for use wi'th values of r and rc, 
expressed in terms of thc^area }/d., and in a^jcordance with 
(45a) and (46a), • / 



Fig. 70 Fi(i 71 


Taking moments about the centre o f compression in the steel 

^^c-b/hr^hr>d^ (36) 

or, modifying the equation for use with values of r in terms 
of the area b’d, 

r(l - /, 




= ['( 


1 


Taking moments about the centre of tension in the steel 

Rc ^ - ^^lc-blbr-\-rc(^l -i,"^cs’^^^ 

or, modifying tl^e equation for use with values of rc in terms 
of the area b-d, , 

. Rc^^n.{l-j^lc + rc(l-ifs'^b-dK (87a) 

i 

In beams where the compression reinforeement is placed 
so that the centroid of the area of the steel bars coincides 
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witu tuc centre ol compression ill the concrete, or otherwise 
stated so that % — and V, — rfijS formulae (35) and (36) 
can be simplified^ as follows — - \ * 


'•K-l)-]' 


• ( 38 ) 


and formula (37) becomes 

Rc l^ir^C'hjhr rc‘C.9^^1 br-(P (39) 

By modification as before, (38) and (39) can be wiitten 
for use with values of r and rc in terms of the area h'd. 




. (38a) 


nr:,c \ rc-cs 


•.v)(l h-d^ . {30a) 


Formulae for Stresses and Ratios. — The derivation of 
equations ( K>) to (17) is similar to that for equations (8) 
to (7). 


1 

tfl — — , 

1 thn-c 


• (fo) 

(l-n,) 

f ^ .m-c 

n, 


■ («) 

i 

(1 ~n,) m 

. 

• (42) 

(n, -),) 

cs — . rti'C 

n, 

n 

m 

■ (43) 

(!-«.“) 


• • (44) 

n,2 

2(1 -n,)m 

h (n,-i,) 
Tr^*(l-n,) 

• (45) 


* For use in (35), (36), (37), (38), and (39). 
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n.^ ‘ An, - i) 

4- *TC 

2(l-n^)m {l-n,) 

2(1 - ni)m*r- nrhjhr 

2(ni - i, )ni 

2(1 -n,)m^r~n,^ 

2(n.-i,)m 


. (45a)t 
. (46)* 

. (46a)t 



2m{r-\- rc-i,)br\ m(r + rc)hr 

b r b 


(47)* 


m \/(\i^ff(r j rc)|“ -f 2m\r 4 rc‘ii\) n}\r rc] . (47fl)t 


Beams of Class II where the Neutral Axis is below 
the Under Surface of the Flange.- For reasons previously 
stated, some of the formulae for beams of this elass differ 
from the corresponding formulae for beams of Class I. 



Fig. 72 Fa;. 73 


Formulae for Resistance Moment. — In the following 
equations we neglect the com])rcssive resistance ol the small 
area of concrete in the web, between the under surface of 
the flange and the neutral axis. (S(*e Figs. 72 and 73.) 

Taking moments about the centre of compression in the 
concrete 

or, using values of r and rc in terms oi' the area b-d. 


■■ -2d^\ , 

^ n + 

Cm, - 30, / 


/ 3 n,- 0 , \ 1 ^ ( 48 ) 

V 6 w/ 30 # / J 



3n#*0# -20.2\ /3n#*0#-20,2 

6w# - 30, / 611 , -30, 



b'd^ (48a) 


* For use in (35) to (39). + For use in (35f/) U) {39f/). 
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Talcing moments about the centre o( compression in the steel 

or, using values of r in terms of the area h-d, 

= [r(l - 1 . )t -6. i.)(l - 2 ^ « ] (49a) 

Taking moments about the centre of tension in the steel 

=■['■(' -‘I’- M )(* -s.V'"'" 

or, using values of rc in terms of the are a h-d 

^ -i:) (50a) 

In beams where the compression reinforcement is placed 
so that the centroid of the area of the steel bars coincides 
with the centre of compression in the concrete, or so that 

Snrds-20,\ 

~ 6n, - 30, 

formulse (48) and (43) can be simplified as follows- 

„ r/ 3n,-0, -20,n 
«< = r 1 - „ )t 

and formula (50) becomes 

Be 


br-d^ 


(51) 


Using modified values of r and rc in terms ^of tlic area b*d, 
formulae (51) and (52) can be written — 



^40 REINf6rCED CRETE [Chap. VII 

< (- * 

Formulae for Stresses and Ratios.— The derivation of 
equations (53) to (GO) is akin to\hat for equations (8) to (7). 


1 

1 + tjm-c 

■ (58) 

(1 -n.) 

t ' -m-c .... 

n, 

• (54) 

n, i 

(1 71, ) in 

■ (55) 

li 

• (56) 

cs — ^ A 

■ (57) 

7h'0,{\ -(),/2m) b (n, -ii) 

r r.= ' ' 1- ' *rc . 

- n,)m br (l-w») 

. (58)» 

nrO,(l~ 0.1271,) , (n.-i.) 
r - . ' - 4- - — v 'rc 

(l-ni)m (1-^4 

. (58a)t 

(1 - Til) in-r - (1 - 0.l2n,)blbr 

{tii “ i,)ni 

• (59)* 

(1 ~n,)m•r-n.^^,(^ -0,l2n.) 

I'C — 

(n, -t,)rn 

. (59a)t 

0, A)lhr + 27n{r 4 Tc-i, ) 

fl c = - , 

20,-blbr + 2m(r + rc) , 

. (60)* 

. 0,^-\ 2m(r 1 rcAi) 

t?# — — ~ 

20/ + 2m(r + rc) 

. (60a)t 


• For in (48), (49), (50), (51), .and (52). 
t For vise in (48o), (49«), {50a), (51o), and (o2a). 
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ABBtlKVIATED* FORMS' OF EQUATIONS 

All resistance moment forinulif iontaining the symbol n, 
can be written ^in an abbrcviatied form by proceeding as 
follows— 


Let 





a - 

~ arm of 

the resistance moment 


a, 

- the arm ratio — ajd 

Just as 





n 

- neutral 

axis depth 


n, - 

~ neutral 

axis depth ratio - n/d 


Then, for rectangular b(‘ams and for tee beams of Class I 



Dividing all terms on both sides by (/, we get 
a din 

a d 3 d 

But a , n 

a, and - = n, 

(I d 

Therefore, 



Consequently, formula (1) 

m - b-d^ 

can be written in the form 
Rt = \r-a.-t]b-d^ 

Other formulae containing the expression ^ can be 

similarly abbreviated. 

In cases where 

/.3n-0 - 2en 
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we can divide all terms on* both sidcA by d and obtain 

I Sn.k-20r-\ 

~ 6niJ-3e,~) 


It follows that 


a/ - f#] 


, /8n,’0, - 2d.^\ -20/2 '\ 

1 -a, — - , Land — ^ “ 

\ Cm, - SB, J \ Cm, - SO, ) 

By re-arrangement, we have 

‘ 1 - ?/ - 

and as 

1 - i, _ - ac, 

we can write 

(\ ~ i,)- a, ~ ac, - a. 

Therefore formula (48a) 

„ r ^n,’d.-2e,\ , /3n,*0,-20.2 \ 1 

Rt^lrll- — — h + rcl „ - 1 , C.V h 

L V Sn,~ SO, I ^ \ Sn.- SO. / J 


can be abbreviated thus 

lit — [r'a,’t + rc(ac, - a,)cs]b'd^ 

Analagous equations can be similarly treated. 

As abbreviated in the manner described, the various 
equations for resistance moments can frequently be used to 
save tiinc‘ and labour, and they can be written on the type- 
writer much inor(‘ conveniently than in their original forms. 

Simple Working Formulae for all Classes of Beams.— 
On examination of the preceding formulae for calculating the 
resistance moment of all classes of rectangular and T-beams, 
it will be noticed that symbols, such as b and d, denoting 
breadth and depth have been placed outside the square 
brackets comprising all other factors. 

This systeip of arrangement has been adopted in the 
present work, partly with the objects of facilitating com- 
parison of the formulae for different classes of beams and oi 
enabling the student or the user to realize the essential 
similarity of the equations, and partly for the purpose of 
providing fqr the establishment of simple working formulae 
for everyday practice. 
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An exceedingly simple form of ^equation for the resistance 
moment is obtained if we express! by the symbol Q all the 
qualifiers or qualifying factors ot^j^r than or br-d^, thus 
reducing formula? sitch as 


lit 




to 


Rt = Qd)‘d^ 

Similarly, the equation 


Rc — 




can be written as 


Rc - Q-b-d^ 

and so on for all others of the series. 

A simplified equation in the general form R = Q'b‘d^ can 
be employed with the aid of numerical coefficients calculated 
in advance for given working stresses in concrete and steel, 
or in conjunction with labour-saving diagrams in which are 
plotted values of Q and other qualifying factors. 

Numerical Coefficients for Given Working St) esses. — Let us 
assume that the working stresses arc to be COO lb. per square 
inch for concrete and 10,000 lb. per square inch for steel, 
that m = 15, and that the economic ratio of reinforcement 
is to be adopted for beams of rectangular section. 

Then we have 


By (3) 

n. 

1 

- 0*30 

16000 

^ 15 X 600 

By (6) 


•36* 

r 

^ ^ 0*00675 

2 X/64 X 15 

By (1) 

R 

= 1^-00675^1 - ■^|l600oJ b-d^ = &56-d* 

By (2) 

R 

= j^•36^1- X 600 J b-d^*= 956-d* 
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For the working stresses, a;nd conditions stated, r -- 0*00675 
and Q ^ 95 arc constants whfch can be dpplicd to the 
design of any number of .beams of any dimensions. For 
other stresses and conditions similar cbnslants *can easily 
be calculated. ' • 

Lahour-mvi 7 ig Diagrams . — A comparatively limited number 
of constants may serve the purposes of those who confine 
their operations to the design of beams in which only one 
or tvvo sets of working stresses and few variations in the ratio 
of reinforeernent are involved. Ihit to cover the whole range 
of design, it is necessary to liav(‘ at hand comprehensive 
tables, or diagrams from wliicli any riMpiired constants can 
be taken. 

Examples of Simple Working Formula ’. — By equating the 
formula R — with any of the familiar bending moment 


equations, such as R ~ 


4 ’ 


B 


Wl 

8 


and so on, for differ- 


ent load cijiiditions, working formuhe of particularly simple 
character can be derived for employment in conjunction 
with values of Q calculated in advance or taken from 
labour-saving tables or diagrams. 

The subjoined rules for beams, with hxed ends and 
uniformly distributed loading, arc given as examjiles of 
others which can readily be prepared for lieams working 
under other conditions. 

Fejuating the resistance and bending moments, we have 


Whence 




Wd 

To 


w 


loqdxd^ 

i 


loq-Fd^ 

w 


(61) 


(62) 
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w-i 

10(i-d^ 


^ -Vc^) ■ 


By adopting the proportions h f^d, or d — iy>, th(‘ depth 
of a rectangular beam may lx* obtained dir(X‘tly from the 
following modilieation of formula (64) • 

" rz') ■ ■ ■ 

This equation ean be adapted for tee beams l)y ineluding 
an exj)ression for a prc'determined value of ih(‘ ratio bjhr, 
and so becomes 


V VlOQ*/>//>r/ 

The values of any (ionstants, in addition to that of Qy 
which may be required for the purposes of design have 
necessarily to be calculated before arriving at the values of 
Qy and should be included in the tables ])repared for niference. 

SUMMAHY OF KESISTANC'K MOMENT FOBMUL^O 


WITH NUMERICAL EXAMPLES 

In the folhnving pages, the variems s(‘ries of forniuhe 
stated in this chapter for the resistance moments of beams 
are summarized in tabular form, and numerical examples of 
the equations are given on the pag(‘s facing the resp(‘etive 
tables. 

The data upon which the example's have been ealeidated 
have been taken f)n a uniform basis, as far as })ossible, in 
order that the re'sults may be compared, and tl^it (^)nelusions 
may be drawn as to the relative' merits of diffeirnt classes 
of beam design. * 

A table on page 158 e'eaitains a summary e)f the wale'ulated 
results for all types of beams fe)r winch femnulse are given, and^ 
shows the values of the resistance moments in terms e)f the 
areas of concrete and steel required, as well as the relative 
economy of each type of de.sign. 

10- (SI 39) 
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SUMMARY t>F BEXm FORMULA?/ 

RECTANGULAR BEAMS AND T-BEAMS (CLASS I) 

SINGLE REINFORCEMENT 




an 



Tlpctangular and T-Beains {r A /h-d). 


Rt -- [r{\ - ^n,)t\h*d^ . 
Rc ~lni)lc]b-d^ 


1 I (//m-c) 

(1 - ni) 

t - -in-c 

rit 

n, t 
(1 - rii) m 

2(i -m)m. 

n, -= \/([m*r]2 + 2m»r) ~ m*r 


Formula 

No. 


T-Beams only (r == Afhrd). 

Rt = [r(l - ln.)t]hr-d^ .... 

Rc ~ \ni(l - .... 

‘ n," 

‘ 2(1 -nt)m' br ' 

n, == ^^/([fn•r•br|bf + [2m‘r-br/6]) - [m-r-br/6] 
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• NUMERICS EXA|MPLES 

RECTA^fGUI^R BEAMS ANb T-BEAMS (CLASS I) 

jJINGI.E REINFORCEMENT 

Data.^ — c = 600 lb./in.2; t -- 16000 Ib./in.^; h ^ 10 in. (Rect- 
angular beam) ; 6 40 in. (Tee beam) ; fer = 10 in. 

(Tee beam); d — 15 in. (Rectangular and Tee beasis). 

It octangular and T-Beams (r — Afb‘d). 1 


1 + 16000/15 X 600 
(1 - *36) 

' ' v/- 1 e vy £i/\n 


X 15 X 600 lG000()b./in.2). 


•36 16000 
“ -36 ^ ”^1^ 


600 (lb./in.2) 


r = 0-00675 . . . ) ' 

2(1 --36)15 j (13< 

ni = VdlS X -00675]^ -1 2 X 15 X -00675) ! (7) 

-[15 X -00675] = 0-36 . . • j (14< 

Rt - [-00675(1 -•12)16000]6-d2 ' (j) 

- 95b-d^ ' (8a) 

Rc = [-36(1 - •12)300lft-fl!2 i ( 2 ) 

= 956-d2=2]3,750m.lb.(Rect.)=855,000in.lb.(T) j (9) 

T-Bcams only {r — A fbr'd). , 


' ”i(lll6)l5 Il») 

= V[15 X -027 X if + [2 X 15 X -027 V i] 

- [15 X -027 X*i] = 0-36 . . . . ;’(14) 

R<. = [-027(1 --12)16000] 5r-rf2 = 880 . ; 

= 855,000 in.-Ib I (8) 

Re =,[-36(l--12)800]6d2 = 95ft.Ji!= 855 000in.-lb. ; (9) 
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NUMERICAL F;X^MPLES 

T,BEAMS (CCASS II) 

. .Single reinforcement 


Data.— c == 600 Ib./in.^ ; t 10000 Ib./in.* ; h = 

40 in.; 


6r = 10 in.; d ^ 15 in.; 0. -- O’S. 

• 


Itatio of Iteinforceiiiont : r — Ajh-d. 

Furimila 
i ^o. 

n# = 

0*36 us bcfor(‘ ...... 

(17) 

i = 

16000 (lb. /in. 2) as before . . . . 

! (18) 

c ™ 

600 (lb./in.2) as before 

1 (19) 

r = 

*36 X *3(1 - 

- - -= 0*00656 . 

(1 - *36)15 

i 

; (20a) 

n, = 

2 X 15 X *006.56 + *32 

2xl5x‘000i)6+2X'3'“ 

(21a) 

! 

Rt = 

r / 3X’3()X'3 - 2X‘32\ 1 „ 

•00656 I - . - -- — - 16000 

L \ 6 X *36 - 3 X -3 / J 



935-rf2 .. 837,000 in.-Ib 

! (15a) 

Rc -- 

[•3(1 - -1143) (1 - •3/-72) 600]6-(12 



= 837,000 iii.-lb 

(16) 


Itatid of Ifoitiforcement : r - A/br d. 


r ~ 

•36 X •3(1 - •3/-72)4 

„ „ , ' ' = 0-02624 . 

(1 - -36)15 

(20) 

rit — 

2 X 15 X ’02624 + -3* X 4 • 

= 0-36.» .. 

2 X 15 X -02624 + 2 X -8 X 4 

(21) 

Rt 

[-02624 (1 - -1143) 10000]ftr-(i2 


rr: 

872br-d^ = 887,000 in.-lb. . . . 

(15) 

Rc — 

[-8(1 - -1143) (1 - •3/-72) 600I* X 4] br-d^ 

1 


8726r-(i* = 837,000 in.-lb. . . . ’ . 

1 (16) 
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SUMMARY OF BEIAM FORMULAE (continued) 

RECTANGULAR BEAMS AND T-BEAMS (CLASS I) 

DOUBLE REINFORCEMEkx 



Kt — fr(l - ln>)t + rcdni - ii)cs]b-d^ . . . (22) 

(35a) 

Rt =-- [r(l-i.)t-n,(in,-i,)lc]b-d^ . . . (23) 

(36a) 

Rc — [«i(l - \ni)\c + rc(l - i,)cs]b-d^ , . . (24) 

(87a) 

For Beams where -- \n, 

Rt == [r(] - ln,)t]b-d^ (25) 

(38a) 

Rc — {(ni'lc rc'Cs) (1 - lni)]b-d^ . . . (26) 

I (39a) 


cs 


•m-c 


4 


Formula* (27) to (29) and (40) to (42) are the 
same as (3) to (5) 

_ (n' - ii) 
n, 

(fii - ii) 

cs ~ ^ 

(Irn.) 

. ni^ . (ni - it) 

r — — - - 4 - ' ^ . 

• 2(1 - ni)m (l-n#) * 

2(,1 - ni)m-r - 

rc ^ 

^ - 2{ni -it)7n ^ 

ui --- \/([r}?-(r + rc) J2-|" 2m[r + rc4i]) - m[r + rc] 


(30) 

(43) 

(31) 

(44) 

(32) 
(45a) 

(38) 

(46a) 

(84) 

(47a) 





• NUMERICAL E3JAMPLES 

RECTANGULAR BEAMS T-BEAMS (CLASS 1) 

liOUBLE REINFORCEMENT 


Data.—c - 600 lb./in.2 ; i 16000 Ib./iii.^ ; rc 0’00675; 
Ui — 0*36; 6 — 10 in. (Reel.), 6 — 40 in. (Tec), d = 
15 in. (Rect.) and (Tee). 

Hat io of lieinforeeiiient : r | A/6-f/; i, — 01. I 

/•36 - -n *26 . ' (30) 


X9000--- — X 16000 --6500(lb./in2 | 

\ '36 / *64 

*362 (*36 -*1) 1 (32) 

2(l-'30).5+ (.--a.) 

a(l- -30)15 X-00919-'M' ,(33) 

2 X (•3(i-'l)15 (4<>«) 

V ([15 X ■{)1624]2 4 30 X -01010) 

-15 X •01024^0-36 .... 

[-00949(1 - -12)100004 ‘00675(-12--l)0.500jfc-</2 (22) 

302,025 in.-lb. (Rcct.);-l,210,500 in.-lh. (Tee) ^S5a) 
[-00919(1 - -1)16000 -•30(-12 -•l)300lfc-d2 (23) 

302,025 in.-lb. (Rect.) - 1,210,.500 in.-lb. (Tee) ( 360 ) 
I -30(1 - -12)300 4 -00075(1 - -1)0.500 JiVrf^ (2.j,) 

302,025 in.-lb. (Reel.) - 1,210.500 in.-lb. (Tee) ; ( 37 a) 
Ftir^Rt^ams where i, — In i \ 

/so- J,QQ(,^^‘''x](;QQQ^gOQQ(Uj /jjj 2) W 

V -30 / -01 I (31) 


•302 (-3(5 _ -12) 

2(1 - -30)15 ^ (1 - -36 


X -00675 = p -0(1928 

• . (45a) 


2(1 - -30)15 (1 - -36 • . (45a) 

[-00928(1 - •12)16000]6.<i2 . (25) 

293,625 in.-lb. (Rect.) = 1,174,500 in.-lb. (Tee) j (38a) 
[(•86 X 300 -f -00075 X OPOO) (1 - •12)]6.(i» (26), 

293,025 in.-lb. (Reef.) = 1,174,500 in.-lb. (Tee)| (39a) 


1?2 
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SUMMARY OF BEAlfc FORltlUEAi [conUnUed) 

T-BEATO (CLASS I), . 


DOUBLE REJ N FOR CEM EN 



m 

[p(l in,)t 1 rc({ni - ii)cs\br>d^ . . , 

(35) 

Rt 

\r{^ it)t - ni(^7i, - }i)hcd)jbr]br-d^ 

(36) 

Rc 

[?l( 1 - Jn»)|c*5//>r \- rc{} - ii)cs]br'd^ . . ^ 

(37) 


For Beams where t, \n, | 


Rt 

\r{} - -lni)t]br’d'^ ..... 

(38) 

Rc 

- \(nr\c-b;br \ rc-ov) (1 \n,)\br‘d- . 

(39)' 


Formuhe (40) to ( i2) ar(‘ the same as (3) to (5). 


cs 

(fh o) 

• 7}}'C ...... 

HI 

(43) 

cs 

(ni~ii) 



(44) 

r 

711^ b (ni - ii) 

- 1— (- 

2(l~W;)fi hr (1-ni) 

(45) 

•rc 

2(1 - Hi )m-r - UiNj/br • 

2(ni~ii)m 

(40) 


= \/([m(r+rc)brlbf \-\27n{r \ rc-ii)brlb\) 

- \m{r rc)brlb\ (47) 
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N V M li III CM. EXAA! PLES 

T-BKAMS (Ct^SS I) 

DfLlBLE REINFORC’EM ENT 

Data.^- ^ 000 ll)./iii.2 ; / = 10000 lb./in.“ ; rc -- 0'027 ; 
rii — 0'3 () ; h -tO in. ; hr 10 in., d — \5 in. 

Halin ot Kciiifori'cmcTit. : r AIhril :i, ^ ill. | ' ‘ N™'“ 

(‘30 - ‘1) '20 ! 1431 

cs XOOOO- X 10000 - O-IOOilb./in^) i ' ^ 

30 ‘04 \ I I \ 

‘302x 4 (‘30 -‘1) i 

_ 2(1 MOHS X WlHi ■.«= X 1 _ I 

2(*3G-*l)ir) I ^ 

/r/l.')X‘00,5\‘2 /SOx'OlOOXI /ISX'OOrA I 
A\~^) '( 4 jj-l 4 jiw 


[‘03700(1 -‘12)10000 +‘027(‘12- ‘1 )0500]6r-d‘2 
538/2r-(/2 =2 i,‘ 210,500 in.-lb. 

r03700(l ‘1)10000-‘30(‘12- ‘I)300x4]fcr-rf2 

rySHhi-d'^ 1,2I0,.500 iii.-II). 

[‘30(1 - ‘12)300X4 4 ‘027(1 - ‘1 )0500]«»r rf2 
oSSbr-d'^ = 1,210, .500 in.-lb. 


I^'or Rf?airis where if — }^n^ 


(‘30 - ‘12) 


X 9000 - — X 10000 =0000 (lb./in.2 


‘302x4 (‘30 -‘12) 


X‘027 = 0‘0.%712 . j (45) 


2(1 - ‘30)15 ' (l-‘3e) I ' 

Ri = [‘03712(1 - ‘12)lt3000]5r-d2 j‘ 

= 522briP^ 1,174,500 in.-lb. . . . 1(88) 

Rc = [( ‘30 X 300 X 4 -f- ‘027 X 0000) ^1 -‘12)]5r-d2 • ; 

= 522br-d^ = 1,174,500 in.-lb. . • . • | (89) 




SUMMARY OF BEAM FORMULAE {continued) 

T-BEAVIS (CLASS II) 

DOUBLE REINFORCEMENT 
b— >i 


Itatio of Rehifoiveinont : r - AIhul. 


„ r / Sn,- 0 i- 20 ,^\ [tin, -0,-20,^ \ 1 , v 

Rt^-=\r(l- . /+rq -h]cs\h-d^ (48fl) 

L \ 6n/ -3di J \ (yni - *i0, / J 

For ileairis where i, — - 20 ,^)l{(Ui, - tiO,) 


r/ 8n,-0/ -2<9|2\ 1 

Kt ^ r( I - ^ < b-d^ 

. \ Qn, - tiO, / . 


. (£la) 


Formul® (53) to (55) are the same as (3) to (5) 

(til - ii) 


(n, - ti) 

cs =-■■ -t 

(1 - Wl) 

iirdKl - 0i/2mi) , (n, - ii) 

r ~ “I 

{l-ni)m (l-m) 

(1 - Wf ) m*r - n,-0,{l - Otftn,) 

TC ~ . ■ 

' {n, - i>)m 

0/^*+ 2m{r -f rc’i,)^ 
n, — — 

201 2?n(r -j- rc) 


■ ■ (57) 


• , (58a) 


; (59a) 


. 1 (60a) 
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NUMERld5\L El^VMPLES 

T-BEAMS (CLASS II) 


DOUBLE REINFORCEMENT 


Data. — c — 600 Ib./in.^ ; t 16000 Ib./in.^ ; 0i — 0*3; 
rc = *00675 ; n, = 0*36, as jireviously calculated ; 
b = 40in.; d — 15 in. • 

. 1 Fonmilii 

lUitio of Tteiriforoemont : r — Ajb'd ; U 1. j imo, 

cs = ^ 16000=^0500 (Ib./in.^) i 

‘36 (’64) . 


•36 X ’3(1 - ‘S/'T'i) CSe-'l) 


X’00675=-0-0093i (58a) 


(1 - -36)15 (1 - '36) I 

rc = (l-:«")'=^'«'^'’":;'l«^‘"('-’"/’"'.^-0-00675| (59a) 
(•30 --1)15 ' ' ’ 

^ •8H2X15C0098 + -00675 X -1) ; 

2 X -8 + 2 X 1 5( -0093 + -00675) 

Rt -= [•0093X-8857X16000 + -00075X-0U3 | 

• X 6500j5-6!’‘=132-56-d2=-l,192,500m.-lb. i (4,8a) 

Rt = [-OOOSX-OXlOOOO-Sx-OliSX-SSXOOOji-c;® 

-= 182-56-d2 = 1,192,500 in.-lb. (49a) 

Rc = [-3 X -8857 X -58 X 000 + -00675 X -9X65001^^2 

--= 132-56 ^2 = 1,192,500 iu.-lb. (50a) 
IVr BRains where i, = (;!«, -B, - 2B,*)/(flii, - 30,) 


(•36--114) 


-246 ^KA\ 

X9000=-— X 10000=61 40(lb./in.2) I"”/ 


•36 X -3 X -58 -246 

r = -, , - + - X -00675 = 0-00915 (58a) 

(1 --36)15 , -64 ' ' 

Rt = [-00915 X -8857 X 16000]&-d2 

= \29-5b-(P = 1,165,500 in.'-lb. (51a) 
Rc = [[-OX -58 X 600 + -00675 X 6140 1 X •8857]6*d2 

= 129 - 56 -d 2 = l,105,500«n.-lb. (52a) 
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SUMMARY OF BE>M FORMULAE (continued) 

T-BEAMS (CLASS II) 

DOUBLE REINFORCEMENT 

K- b >1 *\ 




Ratio of Reiiiforc<‘nit‘nt : r ~ A fbr'd. 




Rf-=[r(l (49) 


hr'di (50) 


For BoaiJis where i, -- (3/</*0, - ‘M),) 


■ • ■ 'I*®’* 

Formula? (53) to (55) are the .same as (3) to (5) 

(ni ~ i,) (ni-it) (56) 

n, (1-m) (57) 

ni*0/(L-O//2?L) h (ni-ii) 

(\-^ni)m hr (l-n#) ' ’ 

« _ (1 - W/)m-r - n#*0i(l -0//2w#)6/5r ' i 

(n,-i,)m ' ‘ 'I 

, _ d,^*bfhr + 2m(r + rc-j,) I 

2dfb/brt+ 2m(r rc) • . . . (00) 




NUMERICAL EXAMPLES 

T-BEAMS (cLASS II) 

IJOUBLE REINFORCEMENT 

Data.— c ^ 600 ll)./in“; / = 16000 lb . bjbr i ;0,= O’S; 
rc 0'0‘27 ; n, - 0‘36 ; i = 4-0 in. ; fcr = 1 0 in.; d =15 in. 

Btitio of Reuiforci'inent . r Alhrul, t, 0' I j *®j)*"**^ 

cs = 6.500 Ib./in.^, as previously calculated . . 

I (57) 

•.36 X’.3(l-'3/‘7‘2)l ('.36 -•])x'027 

r = 0-0.372 . / 58 > 

(1 - 36)15 (1 --36) 1''’”^ 

(•etx 15X ‘0.372- ■.36X'3 X’58X 1 i 

(-36 --1)15 ^ 

-.3 X 4 + 2 X 1.5(-0372 + ‘027 X ‘ll ... ' , . 

n, = , - f> • ! 60 

2 X 3 X 4 + 2 X 15(-0372 + 027) j ' ' 

Kt = [‘0372 X -8857 X 16000 + ‘027 X ‘Ol 13 X 6500 1 I 

X br-d^ - 530 br.d'^= 1,192,500 in.-Ib. j (48) 

Rt = [-0372 X -9 X 16000- ‘3 X ‘0143 X ‘58 X 600 J 

X 4] br-d^= 530hr-d^ - 1,192,.500 in.-lb. ( 4 , 9 ) 

Rc = [-3 X -8857 X ‘.58 X 600 X 4 f -027(1 - ‘1 ) 

X 6.500] br-d^ =■- 530 br-d^= 1,192,500 in.-lb. (.50) 

For iieams whoro i, (3n;*0, - 20,'^)j{(in, - W,) 

CS ~ 6140 Ih./in.^ as previously calculated . . 

(57) 

-30 X-3X -58x4 /•36--114\ , . 


^ -^-Ti“- 36 )T?' n 1--.36 

Rt = [-0366(1 - •1148)P6000]fcr d2 

= 518 br-d^ = 1,165,500 in.-Ub. (51) 

Rc =[j-3 x 58 X600X 4-1- •027x»6140[(l - ‘luoj] 

X br-d^ = 518 br-d'^ = 1,165,.500 in.-lb. (52) 


a 

H 


D. 

tH 

H 


H 


M 
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Chap. VII] FORMULAE FOR ©EAMS 

COMPARISON 1)F RESISTANC E MOMENTS' 
Calculated in the PriIc’Eding Examples 

The resistance inftments calculated for beams of different 
types are given* in* Col. (2) on the opposite page. The net 
area of concrete (AC) for each beam, deducting tlie amount 
displaced by the area of steel (AS), is given in Col. (3), and the 
total area of steel for each beam is given in Col. (4). The 
“ relative cost ” in Col. (5) is based upon the usual assumpfion 
that the cost of steel is 50 tinu^s the cost of concrcdc for 
equal volumes. Therefon* for a b('am where the n(‘t area of 
concrete AC ^ 99 and the total area of stc(‘l AS — 1, we 
should have AC 50 AS ~ 149 as a basis of comparison. 
In Cols. (0), (7), and (8) resistance moments are given per 
square inch of concrete, jicr square inch of steel, and per 
unit of “ r(‘lativc cost.” 

The saving of (‘oncrete effected by the adoption of a tee- 
shajied cross s(‘ction, particularly in conjunction Avitli double 
reinforcement, is clearly shown by the ligures in ('ol. (0). 

So far as concerns economy in the us(‘ of steel, the results 
in Col. (7) are conclusive as to tlu; high efficiency of single 
reitiforc(‘ment in itself, but this advantage is counterbalanced 
in varying measure' by the fact that the area of concrete 
required in singly reinforced beams is greater than that 
necessary in beams having double reinforcement. 

Nevertlu'k'ss, as shown in Col. (8), the two most economical 
types of beams are; those of tec shape with single reinfeirce- 
ment. The list is lu'aeh'd by the tee beam of Class II, the 
kindreel beam of Class I coming next in order of economy. 

As will be seen ein reference to the numerical examples, 
the higher efficiency of the Class II beam, as copjpared with 
that of Class I, is due to the greater lengtl? of fhc arm of 
resistance moments ai,id the higher mean compressive stress 
in the concrete. Thus, in one case we have a — 0*8857 X 15 * 
13*285 (inches) and cm ^ 350 (Ib./in.^), and in’ the other 
case a -= 0*88 X 15 — 13*2 (inche«) and cm, — 30(f (lb. /in. 2 ^. 

The other figures in Col. (8) make clear the points, (1) that 
compression reinforcement can be employed in tee beams 
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with results nearly as favourable as those given by tension 
reinforcement alone, and (f^) thaf doubly reinforced rectan^i- 
lar beams are more advantageous than siinilar beams with 
single reinforcement. ^ 

It should be rnded that the types of ' beams in the 
three last lines of the table are less efiieient than the corre- 
sponding types in the pree(‘ding three lines, the lower results 
being due to the shorter arm of resistance moments. In the 
beams on lines (t), (5), and ((>) the compression reinforcement 
is placed so that ac = 0*9 X 15 -- 13*5 (inches), and in those 
on lines (7), (8), and (9) the compression reinforcement is 
dis})ose(l so that we have ac - 0*88 X 15 — 13*2 (inches) for 
the rectangular beam and the tee beam of (lass I and ac 
--- 0*8857 X 15 = 13*285 for the tee beam of Class II. 

In practical design it is not always possible to adopt 
b(‘am sections giving the most economical results, and com- 
parisons on a basis such as that in tlu^ table can only be 
mad(‘ with accuracy in cases where calculations are founded 
upon a uniform set of conditions for all the beams considered. 

Nevertheless, investigation of the kind is desirable, not 
onlv as a matter of interest but also as an aid to engineers 
in the d(‘sign of beams of the most favourabJt' type possible 
under disadvantageous conditions, du(' to structural or 
architectural rccpiircmcnts. 
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NUMPftlK'AL EXAMPLES 

•ok - 

ABBREVIATED STANDARD FORMULA 
F()r*Resistancc‘ Momcuts in 
REVrANanLAR and Tee J^eams 
{See Folding PUdv facing page llWi) 

]()" for Rcctiuifrular Hcains 
40" for Toe Beams 
15" for all l)(‘anis 
5*4" for all b(‘anis 
O'HVt for all beams 
GOO lb./in.2 
IGOOO lb./in.2 
15 

Beams With Sin(jee Retneokcement 
Rectangular Ream. 

By (.VI 0). /• = 0*00075; ^//--(1-*12) 0*8S ; and cm 

= ( Jc) = 000 lb./iii2. 

By (^'l^?), 

Ki -= [r-a.-t\h-d^ - 1*00075 x *88 X lG000]/>-d2-^ 

By (S2a), 

Re — \ni-a.-cm\J)-(P - [*00 x *88 x OOOj/^d^ - 955.^/2 
R =- 95 X 10 X 152 210,750 iiieh-pouTuls. 

Tec Beam (Class I) J) ^ n. 

As ealculat(‘(l by (*VR/) and (S2a), Ri — Re 05^‘d2, 

R — 95 X 40 XI52 = 855,000 irieh-pomids. 

Tee Beam (Class II) 0 ■ n. 

Let 0 -- 4*5" and 0 , 4*5/15 = 0*0. Then , 

By (6^>1), 0*00050; a, (1 -*1 1 bO) -•0*8«57, and 

cm — (1 - 0il2n,)c -= 05^> Ib./iii’^. 

By (SSo) 

Rt ^ [r>art]h-d- = [*00050 x *8857X10000 J0-t/2 ^ 90^/2 
By (Sia), 

Rc = [0/-fli-cm]5-d2:^[*O X *8857 X 350j6-d2 = 905-(!2 
= 93 X 40 XI52 337^000 inch-pounds, 

11— (5139) 


Data. —0 - 
I) 

d - 
n = 
n, 
c - 
i 

m - 
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Itcclnni’ular Beam. f , 

Lot re ()-()()()75 and h -=- O'l . Thou, 1)>’ (^S'‘’2), r - -0'00949 ; 
by (.S’-25) iinil (.V2(i), c,? (ir.()(» lb./in‘^ ; a, =-(l -•12) 0-88 ; 
ac,^ (1 - •]) - 0-9 ; cm -(Jo) -- SOO ll)./iir. 

By (Srm), 

m = rciac. - «,)o.vlft-d‘^- -[-00949 X '88 X KiOOO 

+ •00(i7^) X‘02 X C,rm\h-d~ -VW5b-tP 


By (-,VC«), 

Rt — [r-aci-l - v,(ac, -o(/)o;;i]/of/'^^['009M)x'9xl(iOOO--'30 

X‘02 X 300]/od“.- 134'56-d2 


By {Sla), 

Re — [niHii'Cm -|- >-o-«ccCs]fe-d" — ['8G X ‘88 X 300 + '00075 x 9 

X 6500]/of/''‘-- 134'56'<?* 

R — 134'5 X 10 X 15*- 302.025 inoh-pouiuls. 


Rectangular Beam, ac -- a. 

Loi re - 0'00073aii(l Jrt.. Thou, by (.V23). r- -0-00928; 
bv (iV25) a.ii(l (<V20), o.v -- (>000 Ib./iii" ; Ui - aei — (1 — 12) 
-- 0‘88 : and cm - 300 ll)./in. 

Bv (.S'8rt), 

Rtl |r-«,-/|/od;‘‘-=r00928X-88x10000|/or/“- VUrUhaP , 

Bv {SQa), 

Re ^ \{nrcm | ?(,-o.v)«, |/>-d- - [C^i x 300 [- -00075 X 0000) 

X -OHj/od- - 130-.56-(P 

.-. R 130'5 X 10 X 15- — 293,()25 inoli-poiiiids. 

Tee Beams {('las.s /). 0 — n. 

As oiiloidatod by {S!ia). (>S'0«). and (>S'7«), lit Re-- 
134-.5/or/-. 

R - 13l'5 X 10 X 15-- 1,210, .500 inoli-ponnds. 


Tee Beam , {('lass 1), 0 ii ; ac - a. 

As oaloidatrtl by (SHa) and (>S'9rt), Rt - Re --- 1.30"5 b-(P. 
■Jl 130'5 X 40 X 1.5^ -L]7l,,r,()0 in.-ponnds. 

Tee Beam^ (Class /), 0 ■ n. 

Takinf^'0i ^ 0'3, i, - O'!, and rt 0'00075. as boforc, 
Ve havo, by (.V28), r -2 0-()093 and by (A30) and (A31), 
cs - 0500 lb./in.2 ; a, - (1 .'1 1 13) -- 0-88.57 ; ac. -(1 --1) 
= •9 ; and cm ^ (1 -0,j'ln,)c ^ 3.50 Ib./in.^. 
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1^3 


By (.V10«), 

Itl I /■■«,•/ \* rc(uc, <t,)c>i\h-d; ^ I'OO!);} X 'SHr>7 X 16000 

I '00675 XiOl IS X 6500j/)-</2r- lS2T>b-d‘ 

By (»S’lV/), 

Rt == [r-iic-t '(),(ac, - a,)<-m]h-d'^ |•00!l;^ X '0 X 16000 - '3 

X '01 W X :m)\h-d'^ ^ 132'5i-rf2 

By (.S'12«), 

Kc |0,-«,Tw \ rc-(w,-cii]h-d- | '.'I x '88,57 X 350 | '00675 X '0 

X (i.500j5-(/- - 13‘2'56-rf2 

R - 13‘2'5 X I'O X 15^ ^ 1,10*2,500 indi-jxmnds. 

Ttr Ream (CUm 11), 0 ri ; uc -- a. 


. /iilirO, -20,^\ 

Taking 0,^ 0'3, , and rc -- 0'00075, we 

\ 6«. - 30. / 


liiive, l)v (.S'*28), r - 0'00015 ; and, by (.S’30) and (»S’31), 
c.v _ 61 10 Di./in.'^. Tltcn, willi ac. — 0'8857, and cwj 
— 350 II). /in.-, iis bci'orc - 
By (.yi 3 «), 

A’/-- [l■■a,■l\ll■d- I '0091 5 X '88.57 X 16000 |/)-d- 129'.55-(i!“ 


By (>V 1 la), 

lU '■ \(0,-aii-\-r(-CK)ii,\h-d'‘‘ - 1 ( '3 X 350 + '00675 

X 61tO)'8857|5-fP-= 129'5/)-d2 
R - 129'5 X 10 X 15'-- 1,165,500 inch-po)inds. 
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SUMMARY oi Ream formulae 

f 

SIMPLE WORKING FORMULA 

FOR 

Reams with Fixed Ends and Uniformly Distributed 
Loadin(;. 

(U -= B - -- ir-//l().) 


1 

Formuhi 

1 No 

. (fii) 

10Q-l>-(P 

^ ^ w~ 

. ' («2) 


• m 

11 

■ ' (M)' 

Bcctnngidar Beams, h = ^d, or d ^ \h. 


■ • ■ 

(()4a) 

' 1 

Tee Beams, h — ?,d, or d — lib. 

' 

y\10Qd) Ihr) 

• r 

: (04?^) 


These ecyiutions can be readily mo(lifi(‘(l to suit eases 
wifere B ^ IF-//2, B -- IF*/f4, B r- IF-//8, and so on. 
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: ! r 

isl)mp:kjc’ar fcxAMPLES 


SIMPLE WOllKING FORMULA: 


FOR 


Reams with Fixed Ends and Uniformly Distributed | 

Loadino. 


(R - R - ir z/io.) 


Data.— -- 10 in. ior Rcctauirular Ream, h W 

in. for 

Tec Ream, d 15 in., 1 — 100 in., Q - 
ealeulat(‘ci on 14B. 

95, as 

Ex. (1) Rectangular Ream. 

KoriuiiJa 

Xo. 

ir - 10 X 05 X 10 X 15“/100 21,375 (11).) . 

(61) 

Ex. (Ifi ). — Tee Ream. 


IF - 10 X 05 X lO X 15^100 ^ 85,500 (Ih.) 

(61) 

Ex. (2 ). — Rectangular Ream. 


1 10 X 05 >< 10 X 152 / 21,375 -= 100 (in.) . 

(62) 

Ex. (2^/). Tee Reams. 


1 - 10 X 05 X U) X 152/85,500 = 100 (in.) . 

(62) 

Ex. (3).~ Ri'dangular Ucam, h — Id. 


d = X 21,375 X 100/(10 X 05)] 


--- i /3375 = 15 (in.) 

1 

(64a) 

. b Id = 10 (in.) 


Ex. {X). —Tee licam^ b — \d, hjbr ~ 4. 


d ^ i/[l-5 X 85,.500 X 100/(10 X 05)4] 


=. i /3375 = 15 (in.) .... 

(645) 

0 

11 

II 
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F()RMUT..E FOR BEAMS : 

WE13 STRESSES AND VVEl^ REINFORCEMENT 


In addition to the principal stresses in a reinforced concrete 
beam, for which forninladiavcdieen ^ivenjtJiere exist secondary 
or web stresses, including- horizontal and v(‘rtical sliearing 
stresses, ajid tensih^ and conijiressivc stresses in every 
diagonal direction. 

As the subject of web stresses is discussed in Chapter VI, 
only such explanatory notes are hen* given as may be 
necessary to make cl(‘ar the origin and purport of the rormulai 
which follow. 

Basis of Formulae. All the formuhe for web stresses and 
web reinforcement are based upon the assum})tions, except 
where otherwise stated, that th(‘ main nanforcing bars are 
straight throughout their lejigth, and that longitudinal or 
horizontal Raision is resisted entir^*ly by th(‘ main reinforcing 
bars. 

A g(‘neral formula for the calculation of shearing stress, 
cither horizontal or vertical, as these* * always of eepial 
value, may be derived from the fanm ecpmtions for 
homogeneous beams of rectangular cross sccl, i — 

S -- S’lrD 

S* 

and .V = , 

Irl) 

where S total shear at a given vertical section, .v ^ shearing 
stress per unit of the area /e/J, and I) — total ^depth of the 
beam. 

To comply with tjie conditions obtaining in a reinforced 


concrete beam, the (apiation .v 


S 

, must 
b'D 


bc*alterecf by 


substituting a = arm of the resisting moment, for 71 = total 
deptli of the bc‘am. 
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Briefly staged, the reason for tins change is that as longi- 
tudinal tension is assumed to be conecntratcd in the main 
reinforcement, an<l trausf)iiid:ted thence to the centre of 
compression in the concrete, the horizontal and vertical 
shearing stressc's arc considcr(‘d to ])revail only between 
the centres of tcjision and compression, the intensity of 
the shearing stresses being of uniform and maximum value 
below the luaitral axis, and of ])rogr{‘ssiv(‘ly decreasing 
value above that level. 

Therefore, for the intensity of horizontal or vertical 

shearing stress in a reiidbreed concrete beajii, we have the 

general formula 

.V s-h‘a (65) 

and 7 - (h6) 

b-a 

Suitable modilhaitions of (65) can be made so as to ])rovide 
formula' for the calculation of web stresses and different 
types of web r('iuforeement. 

BKAMS WITHOUT WKB HKINFOIU KMENT 

Horizontal Shearing Stress Around the Longitudinal 
Bars.- In a. beam without web reinforec'inent, th(' trans- 
fenaiee of tension from the longitudinal bars to the surround- 
ing eoneix'te is accompanied by the developnu'ut of horizontal 
shearing stress, ttauling to destroy the grip or bond between 
the coneiH'te and th(‘ bars. 

In order that the bond may be maintaiiK'd, g, the grip 
per unit area of contact surface, multiplied by As, tin? total 
superficial area of tiu* bars per unit length of ])cam, must be 
equal to ,9d>,«the slu'aring stress distributed over a horizontal 
section, of a urtit length of beam and of breadth h, just 
above the planer of tla^ bars. 

Thus, 

g*y|A'-/ = S*b4 


and 


g’As — . 9*5 
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Therefore!* formula (Ssf can be filtered from 



S — . 

• 1 

S — • . 


to 

■ (67) 

Whence 

-/.A .... 

As-a 

• (68) 


A ^ 

As — 

• (69) 


Formula (08) j:riv(‘s the grip stress ])er unit of surfaee area 
whtai the sujx rfieial area of the bars has been settled, and 
(69) gives the required superfieial area in eas(‘s where the 
value of the grip stress has been predeterm iiu'd. 

GRIP on ADHESION l.ENCiTir OF RAHS 

The tensile for(;e T required to break a round steel bar 
embedd(!d in eonereie without destroying the gri]) or adliesion 
bond is given by the (‘(|uation 

T = /(l-TT.^^) (a) 

where 

'f - Tension (total) in pounds 
t fens He uliiniafe resistanee of the steel in 

pounds per square ineh. 

TT peripheral ratio of a eirek* ^ ratio of eir- 
eu infe rence to dianietca*. 
d diameter of the bar iji inehes. 

The tensile force T reepured to destroy the grij) or adhesion 
bond without breaktng the bar is 

T (/-Tr-f/te {b) 

where I — grip or adhesion length of the embedded bar in 
inehes, hir^d surface area of the bar in squan^ inehes, 
and g = grip or adhesion in pounds per squarci ineh. 

Equating (r/) and (/>) we obtain a simple formula 'for finding 
the grip length required to make the strength of the bond 
C(pial either to the ultimate tensile resistance or to the sjffe 
working stress of the embedded bai^, 

Thus 


/ == {\-t-d)ig . 


(70) 
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Vertical and Horizontal Shearing Stressed.— Forrnula 
(66) is suitable as it stajads f«r calculatinpj the vertical or 
horizontal shearing stress'es* in a reinforced concrete beam. 
Such calculations are rarely, if ever, naeessary ti) dcteririine 
the safety of a beam against failure by* yertical slu^ar, for 
the reason that the maximum shc^aring stress devclo])ed in 
tests to destruction of reinforced concrete beams is o'(‘nerally 
found to be far less than th(‘ shearing rc'sisianee of the 
coaerete, beams so tested failing by diagonal tension or 
some other stress. In ordinary practice, the chief use of (66) 
is in the computation of vertical shearing stn^ss, for the 
purpf)se of measuring or estimating tlie a, mount of diagonal 
tension developed in the w(‘b of a beam. 

Diagonal Tension.-- Although it is assumed in all formuhe 
based on the straiglit-line theory of flexure that longitudinal 
tension is resisted entirely by the principal reiuforecanent of 
a reinforced concrete beam, the assumption is not true, and 
cannot be true unless the resistance of the concrete lias been 
entirely d(‘stroyed by tensile failure. 

While this assumption has very little iiilhuMiee on the 
accuraciy of the formulae given for the calculation of vertical 
and horizontal shearing stresses, and meivly leads tv) a 
small error on the side of safety in the ealeulation of resisting 
moments, the error would be on the otlu'r side* if the same 
assumption were adopted in estimating the diagonal tensih' 
stress in the web of a ’reinforced coiu'rrtc* beam. 

The equation given in text-books on apjdied mechanics 
for the diagonal stress resulting from the combination of 
tensile or eonqu’cssive stress with shearing stn^ss, may be 
written for diagonal tensile stress 

td = \tc -| 

Here, fd = diagonal tensile strc'ss, Ic longitudinal or 
horiz6ntal tensile stress in the concrete, and .s* vertical 
skearing , stress. The direction of the maximum diagonal 
stress imkes an angle with the liorizontal equal to half the 
angle the cotangent of which is J/e/.s*. Otherwise t‘X[)ressed 

a ~-^\L cot(lils) 
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A few simple caleuMions will* show that the intei^sity 
and direction of the maxinnhn diH|^()nal tensile stress must 
be affected eonsic^erably by the amount of horizontal tensile 
strc'ss in the concrete of a beam. 


Thus, if 

U: 

• 

.V X 0*0 

id 

.V 

and (1 45 00' 

tr - 

.V X 1 

td = 

1 *().S* 

and <i 


1c 

.s X 1*5 

Id 

2*0,s* 

aJid a - 2<f 6 T 

1c 

-S' X 2 

1d = 

2*hv 

and a 

22 ;«)' 


( onsequeiitly, diaj^onal tensile stress may easily attain an 
int(‘nsity (‘xe(‘edin^ tlu‘ t(Misile n^sistanee of the eonerete, 
thereby efuisiu^r a. diagonal tensioii failure, form(*rIy deserihed 
as a “ sh(‘}ir ” failure, in a beam wlu're th(‘r(‘ is no web 
reinforcTinent. 

Since the horizontal tensile stress in tlK‘ eoiuM'cte is 
[mieticiilly ind(‘t(‘rniinal)le, th(‘ ^'cneral practice is t(.> employ 
the vertienl sli(‘ai'ini»- str(‘ss, ealenlated by ((U>), as a measure 
of the diii^'onal tensile stress, bearinjr in mind the fact that 
this is j^’r(*ater than the vertical shearin<y str(‘ss, })r()bably 
varying' from s up to 2,s in a b(‘am of av(‘rage d(‘sign. 


liKAMS WJTU WKH HEINFOHCKMKNT 

The diagonal force to be resisted by stirrups and other 
web members is tension, although shear is tak(‘n as its 
measurement, and the stress developed in the steel eom- 
j)osing th(‘ web members is tensile* and not shearing stress, 
as often stated, or as imj)lied by some* formnhe for the 
design of web reinforcement. 

In the following ecjuations, the symbol / is used to denote 
the actual nature of the stress in llu* steel, instead e^f adopting 
the somewhat eoni’using ])raciiee of denoting* tensile stress 
by the symbol ,ss, whicili means shearing stress in steej. 

Vertical Stirrups. — Formula (65) can be modified as shown 
below for the calculation of vertical stirrups or tmalagous 
web members, diagrammatieally it^presentcd in llg. 74. • 

Let be the total diagonal tension, reprc»icnted by N 
times the total vertical shear, or Td = A**S\ 
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Then, replacing s by <-i -= t('nsil(« stress, ami a-h by Aw 
~ sectional art^a ol web ^einfoi'eenient ami adding the sj)acing 

or pitch ratio ~ where d = arm of rysistanec .niorrmnt, and 


T 

Kid. 71 


p - pitdi or l<>nf»itn(liiuil distaiUH^ hotwiTii tlu* stirnjj)s or 
groii])s oJ* stirrups, \v(‘ olitaiii 

2V/==,V..V.W.Ja.(p. . . . (71) 

Whcnci* 


/ 



(72) 


Axv = 



P 


I’AiV’d 

N.H 


' (73) 
(71) 


For reasons already stated, the aetual value to be afjsi^mod 
to the numerical factor N cannot be dt‘L(‘rnuned ])rccisely, 
but the Results of experiments and jiractical i‘X|)ericnce show 
that in average practtice the value iV 1*5 slioiild furnish 
an ample*, assurance of safety. 

II WT ^takt 7\l -- 1’3 (71) gives the same results as 


those calculated by the equation : S 


ss-Au"(i 

P 


constituting 


,the basift of the formuhr for vertical stirrujis recommended 
by the li.I.JFA. Joint Committee, the Inst. C.E. Committee, 
and others, and (71) could be expressed in identical terms 
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by omitting tlic factor iV*an(] iisinjT<the symbol ,ss - * shcaiing 
stress in steel, to*(lenot(‘ tensile stress, the value of .v.v being 

taken at . * 

Hi 



Diagonal Stirrups. The nn(‘(‘rtainties and variable con- 
ditions attaching to the d(\sign of V(‘rtical stirrups nw. still 
more pronounc(‘d in the eas(‘ of diagonal stirrups arid other 
web members. 

The elliciency of diagonal wel) stirrups d(‘})ends very 
largely upon th(‘ manner in which they are atta(‘hed to the 
main longitudinal bars, upon the adecpiacy of the bond or 
grip between tlu* concr(‘t(‘ and the stirrups, and upon the 
angular direction of the latter in relation to that of the 
diagAial tensiU* stress. 

Let us assiinu! that practical conditions have been com})lied 
with, that the diagonal tcaisih' stress acts at an angle of 45°, 
and that the? stirrups a,j‘e ])la(‘ed at tlu' same angle, as in 
Fig. 75. Tlien, as tlu* stiirups act at the same inclination 
as the stress to be *r{‘sisted, they are theoretically more 
elRcient than vertical st irrups acting obliquely to the direction 
of the diagonal stress. 

By the principles of meehanies, the theoretical elliciency 
of diagonal stirrups at an angle of 45° is greater Ijian that 
of vertical stirrups in tlie ratio : 1, or the equivalent ratio 
1 : sin 45°. 

Conse(juently, the sectional area of st(‘el in the stirrups can 
be reduced proportionately, and modified on thfs basis* 
(71) becomes 

__ N^S i-Arv-a 
Id ~ 

p 


N-S-sin 45° = . (75) 

V 
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• f r 

assumptions of ^iomcwliat problematical nature for 
its l)asis, this equation . need not be eont])lieate(l by the 
presences of inconvenient (Iveima! fractions. Th(‘r(‘fore, instead 
1 " 

of retaininn’ eillier ^ 1*4142 or ,sin 4^‘^ 0*7071, and 

N --=■ either 1*5 or T's ^ivin^- sin 15^ X N — 1*000(5 in one 
ea.se, and 0*042tS in t]i(‘ otlier, we may V('ry well aeee])t the 
eomproniise : sin 15" X A" 1, aud wrile (75) for a t5^ 
in the simpl(‘ form 



Fi(i. 7(5 


As in ih^‘ <‘ase of (71), the first form of (75) can be (‘xpressed 
in tlie saiqe \my as the basic ecpiation 

S sS’Azv-a * 

72 “ P 

rccommdul(?d by the llrl.B.A. Joint Committee and the 
Inst. C.K. (]^)mmittce, by the omission of A, and the sub- 
stitution of ss for /. Formula (75) gives tin* same results 
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as the equation nu^ntfoned, and* its simplified form * (76) 
requires a slightly increased areg. j)!* steel. 

Bent-Up ^Longitudinal Bars. Web reinforcement formed 
by bending iq:) sonu^or all of the main longitudinal bars of 
a beam at an an^le of about 4.5" may be calculated by (77) 
to (79) where the bars ar(‘ bent up at different ])oints, so as 
to constitute a s(‘ri(‘s of successive diagonal inernlxTs as in 
Fig. 76 ; or l)y (77) and (78) where the bars are bent up at 
one point only, as in Fig. 77. * 



Owing to th(‘ v(M-y indeterminate character of the stress 
distribution in beams with' bars bent up to form angles of 
Ttiat(‘rially less than to", no precise methods of calculation 
arco available'. It is evident, however, that the area of 
ste(i1, as (^alenlated by (78), should be increased as the 
angle made; by the bent u]) bars is decreased, a sinq)le rule 
for general guidan(*e b(‘ing — 

. ® 

siix 4.5" 

=- iS-pli-a)- , (80) 

* ^ sin a 

where S-plha - sc'clional area of steel as given by (78), 
Aw ^ r(‘(juii’ed sectional area of steel as given by (80), and 
a angle at which the l)ars are bent up from thejiorizontal. 

In beams where some of the longitudinal b*rs ujre bent up 
at one point only, the* value of the bent up portions ^is web 
reinforcement should be calculated, and any further web 
reinforcement required should be added in th^ form of 
vertical stirrups. 

Bent-up Bars with Vertical Stirrups. — InJ^eams where 
these two elasses of web reinforcement are employed in 
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I . ' . ' ' 

combination, the relative efticiency of* the bent-up bars and 
the vertical stirru])s cannol^ be determined with accuracy, but 
there are reasons for the view that the full pensile resistance 
of the steel cannot be developed simultaneously in the two 
forms of web reinforcement. ' 



Consecjiiently, it would not be ^‘ood practice to calculate 
the amount of diagonal temsion taken by l)ent-up bars, and 
to proceed on the assumption that the whole of the remainder 
would be taken by vertical stirrups {sir Fig. 78) calculated by 
(72) to (71<). 

One method affording security against inadequate resist- 
ance is to (•aleulate the (‘I'feet of bent-up bars by (76) to 
(80), and then to provide, for resistance to the remainder of 
the stress, from 1 .1 times to twice the sectional area of sttel 
given l)y the use of (73). 

Another method with the same object in view is one 
which has been employed for many years with satisfactory 
results. Tn this, if the bent-up portions of the bars arc 
found by calculation to be capable of resisting half, or more 
than half, th(‘ calculated shearing force, vcrti(*al stirrups are 
provided to resist the remainder, taken at not less than half 
the original amount. In case the bent-uj) bars arc found to 
be insudicient for resistance to half the shearing force, the 
sectional area ofi steel in the stirru])s is increased accordingly. 

PROPORTIONIMJ AND SPACING WEB 
REINFORCEMENT 

‘Beams tinder Concentlated Centre Load.— In the case 
of a beam fretly supported at tlie ends with a concentrated 
load at the centre of the span, the shearing force diagram 
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is’oT rectangular forji;, as in tlie lower j)art of l^g. 79. •Conse- 
quently the tc^lal amount of r(‘(iuire(l as wvh reinforce- 
ment in the form of viatical or diagonal stirruj)s should be 
equally d^Lribi1t(*(^ in an a|)|)ro])riatc iiumber of stirrups, or 
sets of stirrups, spaeinl at (‘qiial intervals apart in ihi^ length 
of the beam. 

In a(;cordane(‘ with the principles of mechanics, the bending 
moment at any section of a beam is ( (pial to the area of the 
shearing force diagram uj) to that ])oint nu’asurcd ort the 
length-load scale adopt(‘d. 



This interesting conneitioii betwiTii bending moment and 
shearing force diagiams is illustrated in Fig. 79. 

In Fig. 79, the scale of bending moments is divided into 
eight eijual parts and th(^ horizontal lines frojn the nine 
corresponding jjoiiits intia-sect the bending moment diagram 
at points whence vertical lines arc drawn indicating the 
positions of the stirrups in the beam above. 

Beams Under Uniformly-Distributed Lo^d. — It* is 
evident at first sight that with a»b{‘nding moment diagram 
such as that in Fig. 79, the ccpial division o]* th(.‘ scale of 
bending moments must lead to equal spacing of .the stirrups. 

' 12— (5i:wi 
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On the otlier hand, witli Ix'iidin^ ‘moment dia^^rams of 
parabolie outline, as in Fi^v- -^0 and 81, equal 'division of tlie 
bending moment seal(‘ leads to un(‘qiial ^s])aeinfT^ of the 



stirrups; and, conversely, equal spacing’ of th(‘ slirru])s can 
only hi) s(‘cured by unequal divisitm of th(‘ bending- moment 
scale. 

Fig. 80 shows t!i(‘ connection !)(‘twccu bending moment and 



‘ Eio. 81 

shearing force diagrams for a beam under uniformly-dis- 
tributed Ipading, and if employed as an aid to the propor- 
tfoning of equally spaced 'stirrups, it would enable the user 
to ascertain quite readily the shearing forces at the various 
points along the beam. However, as it would be both 
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troublesome and costly to cliangc tlie sectional area of the 
stirrups every few inches aloh^* a beam, this method of 
})roccdurc, canrn)t be recommeifded. 

Fijy. 81 also sliQws th(‘ relation between bending moments 
and shearing forces, and illustrates a very convenient method 
of determining tlie sj)aeing of stirru])s in accordance with 
variations of shearing force from point to point along a beam. 

The required sectional area of steel for the first stj: of 
stirrups can be calculated by the formuljc already given, and 
the sectional area so determined will be emj)loyed for the 
remaining sets betwec'n (‘aeh suj)j)ort and the centre' e>f the 
s})an. 

The first set e)f stirrups she)uld be at a distance fre)m either 
suj)port not more than (Ju), or ojie-half the length e)f the 
arm e)f k'verage of the internal fe)rce‘s, anel the remaining 
sets can be sj)aceel at prof)er intervals apart by the aid of 
a diagram such as Fig. 81. 

The reepiireel nuinbe'r of sets of stirrups is governed by 
the ratio betwee'ii the le'ugth anel depth e)f the' beam, for in 
beams of ivlatively sheu't span iiuelcr heavy loads the 
shearing fence is a very important factor, anel unless 
the Aveb reinforcement is cle)se'ly spae*exl anel e)f adeepmte 
sectional area there* will be* serious risk e)f failure* by diagemal 
tensiem, fe)r which vertical shear is ge'iierally emple)yed as 
a convenient me’asure. 
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(• 4 

SUMMARY OR BEAM FORMIJLAJ 
(web STRESSES AND RE1NF0B!*EMENT) 

FORMULAE FOR REAMS OF ALL CLASSES 

A\li(*n used f(H* hoains, <‘(|uati()ns (d5) and (()(>) nuisl b(' modified 

^ by flu* Kubst.il lit ion of hr for b. 

A'lTtieal or lloirAoiita.l Slu'ar. 

Ki)rninla 

No. 

S -- .s-b-a ....... 

(05) 

,V — - Sjlhd ....... 

(00) 

Horizontal Sln^ar ((Jrip Slr(‘ss). 


S ■- 

(07) 

if — SIAs-a ....... 

((iS) 

As - - SjoHi 

(09) 

I 

(70) 

Diagonal Tiuision. 


Vertical Slirrups, 

1 

ll 

li 

(71) 

t - NiS.plAwa) 

(72) 

A IV N-{S'plba) . • 

(7:j) 

p i-AiV'dlN-S ...... 

(74) 

D i agonal St irru ps. 


ji 

to 

il 

(75) 

2\l ~ S t-Aw-alp 

(70) 

i =- S-pJAzM'd ....... 

(77) 

yfw ~^,S'plt-a . . . • , • 

(78) 

p ^ ~ t'AxvajS ....... 

(79) 

« Bvnt^up Bars. ^ 


Aw ~ (S-pll‘ay(sm n) . . . . 

• 

(SO) 
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NUMERICAL EXAMPT.ES 


Data. — As — 1(5 sq. in., a = 13*2 in., b br — 

10 in., 


100 lb»/in.2, N = I’S, p = 10 in., s = 60 Ib./in.^ 


< = 16030 Ib./in.^ 



N^ertical or Horizontal Slu'ar. 

Fonmilii 

i\0. 

S 

=- 60 X 10 X 13‘2 r= 7,920 (lb.) 

(65) 

s 

--= 7920/(10 X 13'2) 60 (lb./in.“) . 

(€6) 


Horizontal Slirar ((trip Stri^ss). 


S 

= 100 X 16 X 13-2 21,120(11).) . 

(67) 


- 21120/(16 X 13-2) - KM) (ll)./in.2) 

(68) 

As 

- 21120/(100 X 13-2) - 16 (sq. in.) 

Grip IjCh0Ii for bar, d 1 In. 

(69) 

1 

(1 X 16000 X 1)/100 - M)(in.) . 

(70) 


Diaj^onal Tension. 



J'crfical Slirraps. 


Td 

- IT) X 21120 31,630 (lb.) 

-= (16000X Ju’Xl3-2)/]0- 21,120 Jk> 

(71) 

• 

Aw = 1*5 s(j. in. 

t 

r.'j|21120xl0/(lT)Xl3-2)l=^16000(lb./in.2) . 

(72) 

A tv 

lT)X|21120xl0/(16000Xl3-2)l-=r.5 (sq. in.) 

(73) 

V 

= (I6000xr.5xl3'2)/(1T.X21,120)= 10 (in.) . 

• 

Diaoonal Sfhritp.s ( |.,7'’). 

(74) 

Td 

-- ir> X 21120 rn i. 22,4.04 (lb.) . 

-- (16000 X.-fii'Xl3-2)/]0-21,120^W 

(75) 


.'. /Ire - I'OO s(j. in.) 


Td 

- 21120 11). 21120,4re ( .-. /Ire 1 sq. in.) 

(76) 

t 

- 21120 X 10/(1 X 13-2) ^ 16000 (lb./in.2)' . 

(77) 

Aw 

21120 X 10/(16000 X 13-2) = 1 (sq. in.) 

(78) 

P 

= (16000 X 1 >fl3-2)/21120 = 10 (in.) . 

Unit -up liars (30"). 

(79) 

A tv 

21120 X 10/(1(5000 X 13*2) (*i»r071/*5000) 

= 1*414 (sq. in.) .... 

(80) 





CHAPTl^R IX . 

FORMTTI..I: FOR COMl»Ri:SS10N MEMBERS 

The fornmlR' j^ivcn in lliis chapter arc applica])l(‘ to columns, 
pillars, struts, and otiicr coin[>rcssion incinhcrs, whether 
placed verticially or at any inclination to the horizonttiJ. 

With the obj(‘et of avoiding? imn(‘(‘essary r(‘})etitions, the 
familiar term “ column ” is emjdoyed to denote a typical 
form and not all forms ot compression members, and as a 
matter of convenienc(‘, the chaptcu* is divid(*d into two parts 
relating to (1) Conccaitric Loading, and (II) Kccentric Loading. 

At the end of this chajder, summaries of formula} are . 
giv(‘n for both eonditions of loading, together with numerical 
examples. A s{‘I('ction of Standard Formuhe will be found 
in the folding plate facing p. 202. 

(I) COLUMNS UNDER CONC ENTRIC LOADINCi 

^ Basis of Formulae.- Consid(‘ring first the case of a plain 
concrete eohmin of uniform cross section, let P - total 
siirv ap])li(‘d, A — area of the column at any horizontal 
section, and c - compressive str(‘ss ])er unit area in the 
concrete. 

Then 

P A (a) 

Let us now assunu' that vertical steel bars have been 
cmbedd(‘d in tin* column, displacing an amount of concrete 
proportional (‘ lo Av -- sectional area of the vertical steel, 

It is evident that th(‘ apjdieation of pi^^ssure over the 
whole sectional area, of the reinforced column inust ])ro(hiCC 
equal diminution oflcngili in the two itiatcrials.* Conse-* 
qucntly, as, by Hooke’s law, the stress devel(i])cd in* the 
steel must be pro])ortional to tly actual arnouilt, of str^n 
produced, tlu? strength contributed by the reinforcing bars, 
when working in combination with the surrounding concrete, 


i«'^ 
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cannot be equal to tlxat whi h niiglit be dcvekqxcd if the 
steel were employed indepcjiideiitly. ' 

NOTATION 

(Other symbols will be found in sueeeedh^?’ paragraphs.) 

A - - Area (total) of a column, or other compression member. 
An — Area (net) of the eomTel(‘ A - /tv. 

Av Area of the vertieal ste(‘l bars. 

c - compressive stress in the eonere1>‘. 

Ec Elastic modulus of concrete. 

Es — Elastic mod id us of steel. 

I len<fth (origiiud). 

A ^ length ineremenl or deenMiUMil du(‘ to slr(‘ss. 
ni - ’modular ratio - EsjEc. 

P Pressure (total). 

Pc Pressure (total) on th(“ conerefe. 

Ps - J^ressure (total) on the steel. 

The intensity of the eompr(‘ssive stress on th(‘ eoiuMvte is 


Pc 



Pc 

■' { J - Jr) 

The eomprtssivc strain on the eonerete A//. 

The elastic modulus for, eonerete* in eompr(*ssion is 
.stress intensitf/ 


Ec - 


Ec - 


.strain intens'tff 
Prli-t - Av) 

m 


Whence we ntay derive the eepiation 
Pc --Ec(Xll) (A -~Av) 

'Kius, in.aeeordanee with Hooke’s law, the proportion of 
tl^e total pressures takcji l)f the concrete is 

Pc == Ec}- (A-Av) 
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and the j3roportion taken by the .steel is 

p. (&.i) /I. 

= E&y-Av .... (c) 

Therefore; as P — Pc + Pf( we liave 

P -= Ecj(A - Av) -h Es^^Av . . *(d) 

stress 

Sine(‘ . ~ E, we eaii wnle 

strain 

stress --- E X A rain. 

In our partieuliir ease we iiave c — Ec'^ 


and as Es/Ee - ni., the modular ratio, we ean abbreviate 
eepiation (d) as follows. 

Thus, inst(‘ad of Ec’ ^ we may write c, instt'ad of Es wc ean 

use^itvEc^ and instead of m-Ec^jWv may use 
Therefore*, eomme'ueiiio' with 
P-^Kc.d^A .h’j I 

we obtain the* folle)Wjno’ sueeessive forms e)f the* e‘epiatie)n— 

— e(.d - Av) j- m-Ec-~ -Av 

- c{.L Av) + ni-c-Av 

Kxpaneling the terms within the braekets ^ve e)l)tain 
P — c-yl -C’Av |- in-c-Av 
and by re-arrau^ement of the terms we ge*t 
P -= c{A - Av + ni-Av) ^ 

^ c(A + ?n‘Av “ Av) 

= c[ A + (m l)y4u] (e) 
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This equation is the basis of the dolumn formulae in general . 
use, the terms in which it is expressed varying slightly, and 
the notation employed varying considerably. 

Equivalent Area Defined* — In a column sectioi? of area 
the area Av of the vertical reinforcing ba^s is equivalent in 
resistance to an area m*An of concrete', and the column 
section is equivalent to an imaginary section of the area 
{A termed the equivalent area Ac, 

, Short Columns. — As ordinarily a})plicd, the term short 
column means a column where the unsupported length is 
not greater than from 15 to 25 times the diameter or the 
least transverse dimension, tlui ratio Ijd ~ 18 being a safe 
value for general use. 

Ecpiation (e) (;an be modified as shown below to provide 
formuhe for the design of columns reinforced (a) with vertical 
bars only, (h) with vertieal bars and transverse tics or links, 
and (c) with spiral binding or hooping. 

It should be borne in mind, howc'ver, that vertical bars 
placed near the surfaec of the eoiua’cte and not tied laterally 
would tend to buckle and to burst or sjiall the concrete. 

(a) Columns with Vertical Bars Only. Jn the first 
place, ('((nation (e) may be written 

Total Pressure 

. . . . ( 81 ) 

If W(‘ use r to represimf the ratio AvjA, we have Av — r A, 
and obtain the equation - 

P — c[A + {m- \)r-A\ 

--|1 + (w - ^}r]c•A .... (82) 

Unital Pressure 

Denoting nuital pressure by p --- PjA, we get 
p == c[A f (m - I)?-.-!] /A 
~ [l + (m-l)r]c 

Rati» oj Vertical Reinforcement 
p - c 


( 88 ) 
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Cdkipressm Stress in Voncrete 


P . 

^ , 1 + (m - l)r . ■ 


(85) 


(b) Columns Vertical Bars and Transverse Ties. 
— For computing the resistance added by transverse ties, 
equation (81), requires a supplemental expression for the 
effect of the piteh and amount of steel in the ties. 

Let ph —■ pitch, or vertical spacing, of the binding ties 
and d — diameter of the column. 


Then for the spacing factor we have s = 


pb 


Further, if Vh = volume of steel in the i)inding ties per 
unit of length of column, and V — volume of the column per 
unit length, we have* for the volumetric ratio of transverse 
reinforcein(‘ut, — VbjV, 

Therefore, the inereas(‘d resistance due to the ties is equal 
to e[l 1 .s-C]. Incorporating this expression in (82) and 
(83), we obtain 


• r ^ H .s-T/) [1 \ (m -l)r\c*A . . (86) 

and 

p - (1 + sA]) [1 + (m~l)r]c . . (87) 

The values oi’ s in Table aro based upon the recom- 
mendations in the Report of the French Commission du 
Ciment Arme, witli suitable modifications, the maximum 
value for ph = 0'33(/ having been slightly increased, and the 
minimum value for ])h ^ d reduced to zero, to provide for 
the effect of th(‘ differences between (7r? - 1), here taken at 
11, and the varying values of the factor m ‘ in Ihe French 
equation, which is given as formula (88). 

It should be noted that the French Commission define d 
as the outside diameter of the column, and V as t]ic volume 
of the entire column per unit leqgth, and do not *restricj 
measurements to the concrete enclosed by the reinforcement 
as proposed in some interpretations. 
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, '• TABLE V ' , • 

VALUES OE SUAUINO EACTOK EOH J{E(’i;ilANEAH TIES 


Pitcli of Biiuliri}^ (pb) in ieiin's of | 
('olurnn Diainoirr (r/) ; 

i\ :VA (I 
(n (I 
Of) (/ 

(] ; 
0-7 <l 

< OS (I 

0*0 cl 
I •() cl 


S[^ac‘in5; Factor (s) 

M) 0 {fncij‘initcm) 
lo 

12-5 


10 


7 0 


0 {minhmcm) 


Tlio iVu’nnila of tiu* (’onnnission (hi Ciinoiil Anno, and tlic 
rules lor its ('in))lovnK‘iit, are as follows- 

-= (\ -|- .V‘ /,')(*(./ \- . . . ( 88 ) 

As stat(‘d in the Kejiort, ni' is not tlu' same as in, tlie 
ordinary modular ratio, but is a modified modular ratio or 
factor deriv(‘d from tli(‘ results of column t(‘sts. For recti- 
linear ti(‘s, it lias a maximum value of 15 when llie diameter 
of the vertical bars do(‘s not exceed .,',>th of the column 
dianK‘l(‘r (/, and the pitch ot the binding' is less than jih- 0‘33r/ ; 
and has a minimum value of 8 when th(‘ diamet(U’ of, the 
V(.‘rtieal bars exceeds ,\jth of the eolumn dia.m(‘t(‘r (/, and the 
pilch of the bindino- is ph — d. 

The spaeiiin- factor ,v for transverse^ ti(‘s has a maximum 
valu(‘ of 15 for jih — ()’33(/ and a minimum valu(‘ of 8 for 
ph ^ d. 

(c) ConiAixs WITH Vertical Bars and Spiral tbNDJNc. — 
By tlu* adoption of suitable valu(‘s for the spacing factor, 
formuhe (80), (87), and (88) are aj)])li(!able to th(^ d(‘si^n of 
columns with helical binding. 

The valfu's ^of .v in Tabh* VI are ])raetieally identical with 
tlios(‘ givchi in the I{ej)ort of the French Commission, the 
• factor'//^ having n constant value so hear to that of (ni - 1), 
ta)keii iiU 14, as to render any appreciable modification 
jUnneccssfiry. The only lUltcu-ation made is the substitution 
of 10 for 15, as the minimum value, in order to establish 
a uniform relationship in the figures. 
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TABLE yi 

‘ v^al'ues of nvAvimi factob fob simbal binding 


Bit.i'h ('I' liflicjil {pb) in 

teniis (»i' Cvliiinii liiainot»‘i* (#/) 


S])a<*iu}; Eactoi- (.s) 


n-2 (I 
irii ({ 
n I (/ 


{nui.viimnn) 

21 

1() {inhfinnnn) 


For helical binding, tlic valu(‘ of ni/ may be taken at 15 
in formula (S8), tlu‘ values of .y applying so long as the com- 
pressive str(‘ss in the eonerete does not exceed 711 lb. per 
square inch, and j)roviding that not fewer tluin six vertical 
bars are eniployc'd, having a sectional area e(]ua,l to not 
less than 0*5 jH‘r cent, of the area of the conereti‘ enclosed 
by the helical (s)ils, and a volume of not less than one-third 
that of the helical binding. 

Another condition is that the working stre^ss in tlu* eoiuirete 
shall not exceed (>() per cent, of the ultimate strength of plain 
concrete, however gr(‘at the proportion t)! nmiforeement, or 
the value of (1 

f)wing to the inclusion of the two variable factors s and ni\ 
the FbmicIi formula and rules are somewhat eonqdieated 
and do not lend th(MTis(‘lves to the tabulation oC values for 
the factors mentioned. Moreover, in the oj)inion of the 
author, they over-estimat(‘ the value of transverse nanforee- 
ment in the form olUu'lical binding in })ractieal construction. 
Although this ])articular tyj)e of reinforcement undoubtedly 
adds greatly to the ultimate strength of a reinforced concrete 
eomj)ression member, it has comparatively little innuenee 
wh(Mi ordinary working stresses are in question,^ and conse- 
quently ought not to be regarded as beinj]^ more ellicient 
than other forms ol* .transverse reinforeement in everyday 
practice. 

The rul(‘S for the design of ])illars and colulnn^i in \he 
ll.I.lLA. Report and the Ti.C.C. Regulations are larjf(‘ly copied 
from the Fjeneh rules, but, as represented inj^ig. 82, they 
j)enalizc rectilinear binding to a very serious^ extent, for 
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whifh there is no justification in the Rejmrt of tlu‘ French 
Commission. . ‘ 

As shown in the diagram tJie spacing /’actoi’ vmIucs for 
helical binding are practically identical jmdcT the Fr(.‘nch, 
the L.C.C., and the R.I.K.A. rules, whilfc tlu'rc are wide 
divergencies between the spacing factor values given in the 



Fiti 82 

The Tnmch curves are based upon d tiverall diaiiieler of tlio eoliinin and 
tvith the exception ot the two “ unmodilied ” einves. are in aeeoidanet' willi 
Iahles\ and \ 1. The and It.I.Jt.A enr\es .in- l)ased upon d diiii'cter 
of the con* of ttie etdiiinn. 


PVnch Report for rcetilinear binding and thos(‘ adoi)ted in 
the L.C.C. Regulations and the R.I.R.A. Report. 

Morcovei, although the French rules permit the whole 
sectional ac-ea of a column to be taken into aeeount in the 
, calculation of effective resistance, the L.C\C. and the* IM.R.A. 
rul^s regard only the core, or part of the section enclosed by 
transvcl's^ reinforcement, as being effective. 

This restriction is necessary in the ease oi’ a formula for 
hooped colufnns by Considere and given in the French 
Report, but? is unnecessary, and is not recommended in the 
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same Report, for use jiu connection with the formula* and 
rules of the Coittinission du Cirnent Arnie. 

The “ dot-and-dash ” curve in* Fig. 82 is one proposed by 
the author, •in place gf the other curves in the same diagram, 
for use ill the dcs:gn of columns with any effective form of 
transverse binding. Starting at a* = 0 with the modified 
French curve for rectilinear binding, it meets the L.C.C. and 
R.I.B.A. curve at s — 8, and stops at s = 32, where it meets 
the French, Ti.C.C., and R.I.B.A. curves for helical binding. 

Long Columns. — ^Thc permissible load for a long column 
is determined by modifying th(^ value of J\ as calculated 
for a short colunm, either by the emjiloynu'iit of a suitable 
formula, or by means of a load-reduction scale. 

In either event, provision must be made for the variation 
of permissible load with end fixity conditions. 

Where a fornuda is us(‘d, such jirovision is made by the 
insertion of an end-fiocittf factor (r/), and wlu're a load- 
reduction scale is adojited, the influen(*(‘ of different end- 
fixity conditions is ])rovidcd for by substituting an equivalent 
or virtual length {Iv) in calculating the ratio Ijd — lengthi 
diameter, or the ratio Ijg — lengthi gyration radius, 

"iable VII gives end -fixity factors for four methods of 
fixing the ends of a column, as recoininended by the French 
Commission, and the corresponding virtual length for each 
method. 

TABLE VII • 

END FIXITY FACTORS AND ViliTUAL LENDTIIS FOIl 
*L()N{J (’OLUMNS 



Method of Fixu^o the End.s. 

End- Fixity 
Factor 

Virtual or 
Equivalent 
L(*n^th 

Iv 

No. 

Ends fixtnl 

How Fixed 

1 

Both 

In position and direction 


Tr - 1/* 

2 

One 

Jn j)osition and direction 

• 

• 

3 

One 

Both 

In jjosit^in only 

In position only 

1 

11 

4 

One 

In position and direction, 
oilier end free 

1 

II* 

. • 


♦ If the fixity of one end is imperfect, inen^ase ef to 2 arid Iv to 1^/; 
if the fixity of both ends is imperfect, increase cf to a»d Iv to 
t If the fixity of the ends is imperfect, increase cf to f , and Iv U) 1 
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Gordon’s* Formula.- Tliis faniili^ir equation is usually 
written 


P = 


M : 


1 


(P 


Kinploying Standard Notation the equation becomes 

1 +-;^ 

where 

A ~ Area of the column. 

c - crippling stress or coniprrssirc slr(‘ss inlcaisity. 
d — Ticast diameter of the' column. 

/ — len0li of the column. 
n. — A numerical eonstaul, or constant immb(‘r. 

P -- Total pressure on the column. 


For reinforced eonerete cwi corresponds with c*Je and 
equals c[A {jti- 

Now C'A or c[A -[- (m - represents the total pressure 
on a short column, and if we use* Ps to repr(‘S(‘nt th(‘ total 
pressure on a short column and P to re))r('S(‘nt the total 
pressure on a lon^ eoluitin we obtain the e(|uation 

i> = 

F 

1 + 


The numerical constant n depcMids both u})on the properties 
of the material and upon the propertit^s of the section, and 
for reinforced eonerede can be replaced by two factors, K for 
the kind o/ nut(‘rial and F for tlie form of cross section. 

" Thu^'> modifi(*d, and with the insertjon of ef, the end-tixity 
factor, the formula becomes — 

Ps 
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Tlie probable value, of F can Jbe represented by tho ratio 
Ae*d^fle where^e = inertia moment of the equivalent section. 

Therefore , 

^=V- (90) 

Adopting Euler’s theory, the value of K, for a column 
with both ends fixed in position only, is derived from the 

expression where cu = luUmaie compress ivc strength 

of the concrete. 


Therefore, 


cu 


( 91 ) 


Rankine’s Formula. — Introduced as an improved form of 
Gordon’s equation, this formula is generally written 

p 

1 

Expressed in Standard Notation the formula is 

P - 

p 

1 + n— 

where n is a numerical constant depending upon the proper- 
ties of the material atone and g ^ gyration radius = ^^(lelAe), 
depending upon the form of the section. 

Modified as described in the preceding paragraph, with 
the insertion of K, sec equation ( 91 ), and ef = end- fixity • 
factor, see Table VII, the formula becomes 



P ( 92 ) 

1 + K-ef—, \ ' 

J ^2 

Load- Reduction Scales. — Owing to the lack of experi- 
mental data as to the behaviour of reinforced Concrete long 

13— (5139) 
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coliiiftiis, (ioWlon’s and Rankinc’s formulae sholild only bo 
used for i)urposcs of ooniparison and for g».‘neral gu'idance 
in the ])reparation of load-reduction scales. 

The rules proposed by various authorities 'differ con- 
siderably, some denotinjv excessive eaufiii'u, and most of 
them reducing the load in a straight liiu; instead of following 
the curve shown by the results of the elastic theory. 

Fig. 83 is a, diagram containing curves which re]wesent 



different views as to the progressive reduction of the per- 
missible short column load (Ps) with progressively increasing 
values of t^he ratio of Iv/d, 

Curves ^ aKd B, illustrating the London County Council 
rtiles, lire of distinctly conservative nature, particularly as 
in this case d = diameter of the core and not the diameter 
of the /johmiii. 

• Curve t* is one rccomnrcnded in Reinforced Concrete Design^ 
by Faber an|^ Bowie, and the broken line curve is one typical 
of the curyes obtainable by the use of Gordon’s formula. 
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The author recommends the adaption of a load-reduction 
curve of this form for two reasons : (1) that it avoids the 
sudden change of direction at the top of B, and C, and 
(2) that it obviates^ the sudden extinction of permissible load 
at the bottom of the same curves. 

Fig. 84 is a diagram based on the ratio Iv/g^ curve A 
representing the rules of the London County Council, and 
curve B showing the relative values of permissible lo^ds 
for short and long columns, as proposed by Mr. FiWart S. 
Andrews. The latter follows approximately the typical 
form given by Rankine’s formula, but would be improved 
by eliminating the sharp angle at the top, as shown by the 
dotted curve in the diagram. 


Values of In/d 



A curve such as B in its amended form is preierabic to i 
straight-line curve such as A for the reasons stated above 
and it may be added that the L.C.C. rules are iftmecessarilj 
conservative. 
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SUMMARY OF COMPRESSION MEMBER FORMULAS 


MEMBERS UNDER (ONCEN'l'mC LOADING 


SHORT (H)I.rMNS. 

Forjnula 

No. 


Vorli(!al Reinfom'nu'iit only. 


p 

= c[A +(ni-l)Av\ 

(81) 

p 

= fl | (m-])r]c-J 

(82) 

p 

= [1 +(7n - l)r\c 

(83) 

r 

p-c 
{m - 1)0 

(84) 

c 

P__ 

l+(m-1)r 

(85) 


\’urtic‘al and Transverse Reinforcement. 


P 

=:= (1 + 5- V,) [1 +(m - l)r]c-A 

(86) 

P 

= (1 H -s-r,) [1 +(W-1)?-Jc . 

(87) 


(French Commission Formula.) 


P 

r= (1 s-V»)c-[A .... 

(88) 


LONG COIdlMNS. 


P 

Ps 

= . . , (Gordons Formula.) 

l+F-K-cj(W - — 

(89) 

F 

= Ac^d^/iHe ....... 

(90) 

• 

K 

=5 cuI(7t^-Ec) . . . . . 

(91) 

9 

P 

• 

• • Ps 

-i +KVfm^ Oi»nkin,''s Formula.) 

(92) 


i 
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NUMERICAL EXAMPLES 

MEMBERS UJ^DER CONfcENTRIC LOADING 

S H ( > K'r ( ’( ) 1 A ’ M NS. 

Data. — A~ 100 s(j. in., Av -- 4- sq. in.,c - 600 Ib./in.^ 
m = 15, m’ = 15, .v -= 15, V, O'Ol 

(Vertical Ueiiiforceineiit only.) 

P = 600[]00-fl4x l'] 93,600(11).) . . . (81) 

p fl -I- 14 X •04]600 936 (Ib./in.®) . . (83) 

r ^ (936- 600)/(14 X 600) -- 0’04 . . . (84) 

c ^ 936/(1 -I 14 X ’Ol) = 600(lb./m.2) . . (85) 

(Vi'i'tiiiil and Tiaiiavi'i'M' .) 

P = (1 + 15X'01)|1 I 14x’04|600xl00 = 107,640(Ib) (86) 
p = (1 I 15x‘01)|l 4-14x'04|600 = ]076-4(lb./in.2) (87) 

{French Cmnmission Formula.) 

P = (1 +15 X'01)600| 100 + 15 X4]-=110, 400 (lb.) . (88) 

* i,(:).N<i (!oli:mm.h. I 

With Vertical and Transverse Reinforcement. i 

Data.— 156 sq. in., rf = 10 in., Pc = 2000000, i 
<;/' = 0’25, le = 1729 in.«uiiits, Ijd = 30, 
ilfi = 90, Ps = 107,640 lb., CM = 2400 Ib./in.j 
F = (156 X 102)/1729 = 9-02, say 10 . . (90) 

K = 2400/(9‘86 X 2,000,900) = 0 00012 . . (91) 

(Gordon’.'! Formula.) 

„ 107,640 

“ 1 +10 X ’00012 X ‘25 X 30““ — i •) (89) 

• • 


{Rankines Formula.) 

„ 107,640 

-r+^00oT2 X^25 X9Oi 



laS REINFORCED CONCRETE [Chap. IX 


tll) columns under eccejttric loading 

The following rules apply .only to columns Vith the vertical 
reinforcing bars symnietrioal in respect of, the central axis, 
and where the eccentricity of the loadiftg^ and the deflection 
of the column are not great enough to produce tension. 

These conditions frequently obtain in ordinary reinforced 
concrete work and arc assumed for the purpose of this 
section. Members t{) which they do not apply must be 
treated in accordance with the methods of calculation given 
in Chapter X for members subject to combined bending and 
direct stresses. 

If the upper end of a eolumii carrying an eccentric load 
is not fixed in position and direction, the maximum bending 
moment may be regarded as being at the base. But if the 
upper end is rigidly fixed, as in a building, the maximum 
bending moment will be at some other point, varying 
according to the conditions prevailing. 

Let e the eccentricity of the load, measured from the 
axis of th(; column when straight or denoted by the ratio 
c -- BIP Then the maximum bending moment is 

B - P(e + dn) (93) 

The deflection is, approximately 


P^e-P 

2Ec-le 


(94) 


But, in accordance with the assumptions stated above, 
we may here ncfflect deflection and adopt the relation 

B^Pe (95) 

The general equation for the algebraic sum of the stresses 
due to combiifed direct compressive and flexural stresses is 


, P B 


This equation may be employed in reinforced concrete 
design. 

Then, witfi ae — arm of the extreme fibres of the concrete 
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measurca irom xne* axis oi -xiic cojumii, le ~ inertia 
moment of the* equivalent section, and Ac " the area of the 
equivalent^ sect ifc)!!, the maximum and minimum compressive 
stresses in the concrete will be 
^ P B 

M “ modulus of section = Jc/ar 
«('"“) ^ + ■^ • • • • 


or. 


with 


M 
B 

lejar 

or, sul)stitutin»' M, as above 
P 

M 


C(n 


C(n 




■> - Ar 


97) 


The maximum eompressiv(‘ stress oecnirs in the fibres on 
the side nearest to the eccentric load, the minimum stress 
being at the opposite side. In accordance with the clastic 
theory, the corresponding compressivi; stresses in the steel, 
taking as — arm of the steel measured from the eintral axis, 
will be 

»' 

or, with AIs modulus ol section in terms of as 


r.s'(iii.ix) 


( 1’ 

B •\ 

. (98) 

-- in- 

[jf 

Ms ) ■ 


- Ill- 




\Ac Iclacj 


or, substituting Ms, a 

s above 


r.v(iniii ) 


/ P 

B \ 

• («s>) 

• 

= nr 

• 

Ms) * 


Formulai for the calculation of inertia moments will b» 
found in Chapter XI. 


Both short and long columns are treated iit the sa\jie 
way, with the exception that the compressive stress in the 
case of a long column must be reduced proporfionatcly as the 
ratio Ijd or l/g is increased. 
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NUMERICAL EXAMPLES 

MEMBER^UNDER ECCENTRIC LOADINCJ 
Vertical and Transverse Reinforcement. 


Data. — Ac — 156 sq. in., ae = 5 in., as — I- in., 4 sq. in., 
Ec = 2,000,000, e 2 in., 1e - 1729 in.-iinits, 
/ — 200 in., M = Icjac — 316 in.-imits, Ms = Icjas —■ 
432 in. -units, P ^ 50,000 lb. 






CHAPTER X 


FCrRMUl!!a3 fOR members under combined 

STRESSES 

Derivation of Formulae. — In a member designed primarily 
for resistance to direct stress, the l)ending moment may be 
due either to the eccentricity of the prineipal foree or to 
the application of a second force acting at a certain distance 
from the axis of the member. Conversely, in a member 
designed primarily for resistance to bending moment, the 
direct stress may be due either to the oblicpiity of the prineipal 
force or to the application of a second foree acting parallel 
to the axis of the member. 

As in reinforced concrete practice the direct stress is 
almost invariably compressive, it may l)(‘ said that formula; 
for combined stresses re})resent a combination of column 
and beam formula;. 

Leaving dirc(;t tension out of consideration, the resultant 
stress in a m(‘mber subject to combined stresses may be 
(jl) wholly compressive, or (2) compressive on one side of 
the axis and tensile on the other side of the axis. Thus, 
two cases arc to be distinguished in dealing with members 
of this class. 

Diagrams illustrating direct a^d bending stresses can be 
drawn with the centroidal axis of the member cither v(;rtical 
or horizontal so as \o re])resent part of a column or part of 
a beam. As a matter of convenience, the diagrams in this 
chapter are drawn with the axis horizontal, the upper surface 
being designated the “ loaded ” side and. the lower surface 
the “ unloaded ” side. 

Case /. — In Fig. 85 let the direct VC onCSS 

acting all over the settion be represented by the arc^a ABCD^ 
where AB or CD is the stress intensity, and let the beyding 
stresses be represented by the two areas BOgi'^nd COF, 
where BE is the compressive str-ess due to flexure and 
FC the tensile stress due to flexure. 
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Then the compressive fibre stress atf the loaded side^ will 
be AB + BE — AE, and the, compressive fibr^e stress at the 
unloaded side will be the difference between the compressive 



D| /F C 

I / 


]/ Neutr al Axic^ 

Kio. 85 " 

and tensile stresses DC and FC, or DC-FC =- DF, The 
distribution of the resultant fibre stresses is indicated in 
Fig. 85 by tlie lines in the area. AEFD, 

The diagram also shows that tlu* neutral axis in this ease 
is outside the member at the intersection of the lines AD 
and EF. 

Cmsc //,— If we now assume the bending moment to be 
increased so as to give the bending stress diagrams B06i 
and COH, as in Fig. 86, the maximum fibre stress at the 



HOC 
Fig. 86 


loacfed si^c becomes AB + BG ™ AG, and the direct com- 
jfressive stress previously existing at the unloaded side is 
entirS 5 Pn^tralized by the tensile stress CH due to bending 
moment, and the difference between HC and CD represents 
the tensile fibigc stress at the unloaded side, or HC - CD 
= HD. 
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• * 

The disifribution the resultant fibre stresses is indicated 
by the lines in the areas ANG and DNH above and below 
the neutral axis respectively. * 

It will •be seen Jbhat, under the conditions assumed, the 
resultant fibre sjhTess at the loaded side is always compressive, 
while that at the unloaded side may be cither compressive 
or tensile. Hut in some members subject to combined stresses, 
there may be a complete reversal of the stresses, involvin^r a 
corresponding change in the nature of the stresses at the 
loaded and unloaded sides, respectively. 

Therefore, the use of the conventional symbols c = com- 
pressive stress and t = tensile stress would lead to confusion, 
and to obviate anything of the kind distinctive symbols are 
employed for the various stresses, as in the subjoined table 
and in Figs. 87 and 88. 

NOTATION FOR HOMOGENEOUS MATERIALS 
A — Area of the section = b^D 

ae == arm of the extreme fibres above or below the 
centroidal axis — 

B ” Bending moment at the section — F*e 
4 — breadth of the section 

D = Depth of the section 

e -• eccentricity of or the distance from the point 
where R intersects the section to the centroidal axis. 
f — flexural stress intensity (either compressive or 
tensile) at the extreme fibres. 

I •— Inertia moment — (i^b-D^) ^ (lA^ae'^) 

M — Modulus of section = Ijae 

P ~ Component of R normal to the section — Total push 
or pull • 

p — Dire(?t stress intensity (push or pulV^ — PjbAJ = P/A 
R ™ Resultant of the external forces acting on the section. 
Es ~ Sum of the extreme fibre stress intensities •=(/) +^) 
or = (p -/) 

A member is said to be subject to combinetl"*stresseg if 
the resultant R of the external forces acting on a given cross 
section passes through the section, or throu^ an imaginary 
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continuation of the section, at any foint above or below 
the centroidal axis. 



Fig. 87 


The component of the resultant, normal to the section, 
can be replaced by an axial force (])ush or pull) P, and a 
bending moment Z?, the arm of leverage of which is repre- 
sented by e the eccentricity of R, or the distance between 


-Es 



Fig. 88 

the centroidal axis and the point where the section is 
intersected by R. 

Then we havctfor the direct stress per unit of area 
P P . 

h-D~ A 

and for tif(^*flcxural stress at the extreme fibres 
B Pe 


Chap. XI FORMULiE FOR* COMBINED, STBESS MEMBEKS ^07 


Consequently, as represented in Figs. 87 and *88, we obtain 

for the sum of’the extreme fibre stresses 

« 

At the Lga(t(‘(USnIc 


• P P-e 


(2 + /i) • 


( 100 ) 


At the Unloaded Side 


P P-e 


P (1^JL\ . 

U Ilae) 


( 101 ) 


In order that tlie stress at the unloaded side may be of 
the same sign as the direct stress, as in Fig. 87, the quantity 

4 must be greater than — ~ . Where the two are of equal 
A Ilae 

value, the stress will be zero at the unloaded side, and of 
twice the intensity of the direct stress at the loaded side ; 

Ijae 
A 

order to obviate any (change of sign or reversal of stress, as 
in Fig. 88, the eeeeutrieity or line of action of the external 


iif such an event, ^ and 
A Ilae 


Therefore, in 


forces must not be at a distance greater than from the 


axis of the section. As 1 = 12 ac 
we obtain for the limiting distance — 

Ijae ^ 1 '. b P^I^D 
A ~ b-D 


Ijae 

X 

\I) and A 


bD, 


= 0-1(5 D 

Equations (100) and (101) apply only to rectangular* 
members of homogeneous materials, and are giveri with the 
object of making clear the derivation of the fornfuTaj whi^h 
follow for reinforced concrete members subject to combined 
stresses, and of affording some guidance in the application 




COMPRESSION AND BENDING 

The following equations are of general applieability to 
reinforced concrete members subject to combined stresses, 
* whether the direct stress is tensile or compressive, as 
explained a'c tl\e end of this chapter. 

Jn the ckse of reinforced concrete, it is necessary to dis- 
« tinguish between the stresses in the concrete and the steel, 
andf V' ni^ke other distinctions which are not required in 
cpnnectioK with homogeneous materials. Therefore addi- 
tional symbols must be employed as in the subjoined table, 
and in Figs. to 95. 
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NOTATION FOB REINFORCED CONCRETE' 

• • 

A — Area of the section = b-B 
Ac = Eqidvalerft ar^a of the section 

As -= Area of th^ steel below centroiclal axis, or above and 
below central axis in symmetrical sections 
As' ~ Area of the steel above eentroidal axis 
ae ~ arm of the extreme fibres below eentroidal axis, or above 
and below central axis in symmetrical sections 
ae* = arm of the extreme fibres above eentroidal axis 
aft arm of the steel below eentroidal axis, or above 
and below central axis in symmetrical sections 
as* ~ arm of the steel above (eentroidal axis 
B ~ Bending moment at the section — P c 
b — breadth of the section 
/) = Depth of the section 

(> = cccentriciiij of R 

Ic Inertia moment of the equivalent area = {Ic | Is) 
i — inset of the ste(‘l from unloaded surface, or from loaded 
• and unloaded surfaces in symmetrical sections 

i* — inset of the steel from loaded surface 
P --- Component of R, normal to section. {Push or Pull) 
p — Direct stress intensity (push^or pull) - Pjb D ~ PjA 
R - -- Resultant of the external forces acting on the sc'ction 
rc ~* resultant stress at the extreme fibres of the concrete 
below eentroidal axis 

rc* *— resultant stress at the extreme fibres of the concrete 
above eentroidal axis 

rs — resultant stress in the steel below centj^oidal axis 
rs* = resultant stress jn the ^steel above eentroidal axis 

Formulae Based upon General Equation for Combined 
Stresses. — From (100) and (101), modified in aoK^rdaneq 
with Figs. 89 and 90, we have for the resultant stress, or the 
sum of the extreme fibre stresses, in the_concret(? 

14— (5139) 
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At the Loaded Side — 


Ae lejae' 


^ ^Ae lejae) ' ' 


At the Unloaded Side- 


P B 

Ae lejae 

P (— ^ 

\Ae lejae 




' Centroida! Axis 


—H&Mtrsd ^is_ 


Similarly, for the resultant stress in the steel, we have 
At the Loaded Side — 

P . P 

rs' = *m-— + rn-——, 

Ae lejas 

At the Unloaded Side — 


rs = m— ; — — 

Ae lejas 


= m-P 


Ae lejas! 


Fof* approximate purposes the values of the resultant 
stresses hi the steel may be taken at 


rs = mre 


rs = mrc 
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* • • 

Reference to Figs. 89 and 90 will show tfeat the values 
given by these approximate Equations must always be 
somewhat above the true values for r$' and somewhat below ^ 
the true values ^or rs. 



The distance of the centroidal axis, passing through the 
centroid of the equivalent ar(‘a Ac, is given by the equation 


lh-D‘^ -|- 7n\As'-i' -f As{D-i)] 
b-T) -f’ 7n(As' f yis) 


(100) 


Having found the position of the centroidal axis, the 
resultant stresses in the eon(‘rete and th(‘ st{‘el can be 
calculated by formula^ (102) to (105). 


Simplified Formulae for Symmetrical Reinforcement, — 

In members where the reinforcement is arranged symmetrically 
above and below tlie centroidal axts, Equations (102) to (106) 
assume simplilied forms owing to the smaller number of 
symlTols required. 

Thus, as As -- As\ i = ?*', ac — ae' and as = as' (see 
Figs. 91 and 92). 

Equation (100) reduces to 

_ + m-As[i + (H - '/’)] 

* 5-H + 2m' As 

__ ^b'D^ + ni'As'D 
b'D -f 2m'As 


. (106a) 



212 REINFORCED CONC^Tfe [Chap. X 

f' f 

Equations (402) and (103) become 



Fig. 91 

Equations (104) and (105) become 



Fig. 92 


Npte on Formul® (102) to (io 6 a.)— When using the 
foregomg'’f( 5 [uations, it is necessary to ascertain whether the 
member under consideration comes under Case I or Case II. 
This point .can easily be settled by comparison of the 
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values calculated foj IjAe and eKIejae')^ or for IjAe and 
e[(I^ae), 

Thus, in orcjer that the resultant stress at the unloaded . 
side of a section sixall not be of opposite sign to the direct 
stress, or to tlie resultant stress at the loaded side, the 
quantity IjAe must be greater than, or equal to, eKIejae'), 

If the direct stress is compressive there will be compressive 
stress throughout the section providing IjAe is greater than 
eKIejae/), and if the two quantities arc of equal value the 
compressive str(.‘ss will diminish to zero at the unloaded 
side. 

Again, if IjAc is less than eKIcjae/) there will be com- 
pressive stress at the loaded side and tensile stress at the 
unloaded side. 

Therefore, to obviate any reversal of stress in the section, 
c must not be greater than (/c/«c')/^c. 

We have already shown that in homogeneous members 
of rectangular section, there will be a reversal of stress at 
the unloaded side if the quantity e is greater than JD. 

The limit is higher for reinforced concrete members, the 
actual value varying with the proportion of reinforcementr 
(flnployed, as shown graphically in Fig. 98, which has been 
calculated for ratios of symmetrical reinforcement from 
0 to 0*1, on the basis r — {As -[- As)b‘D. 

In members where tension is developed the tensile resis- 
tance of th(‘ concrete should be neglected, as in reinforced 
concu’cte beam design. 

The relationship between formula! (102) to (10.5a) and (96) 
and (97) may be illustrated by employing symbols denoting 
the section modulus in terms of ac\ ae, as' and as. 


Thus, we could write : 

(102) with M' = lejae' 

. L ^ 

Ac ^ M' 

(108) with M lejae 


Ae 


B 

M 
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(f04) with Ms' = lejm' 



(105) with Ms — lejas 



Formulae (102flf) to (105«) could be treated in th(‘ same 
way. The additional symbols involved in these varia- 
tions are scarcely necessary, except perhaps as convenient 
abbreviations 



Fig. m 

Formulae Based upon the Theory of Simple Flexure. — 

Members subject to combined stresses and coming umler 
Case II, where tlic eccentricity of R is such that tension is 
developed op one side of the section, can most conveniently 
be calculated Hy a method similar to that adopted for 
rcihforcQd concrete beams. So far as concerns combined 
/direct compressive and flexural stresses, the resulting equa- 
tions fna^ ‘be said to constitute a combination of pillar and 
bC-am formulae, but it should be noted that they are also 
available for l^ie calculation of members under direct tensile 
and flexural, stresses. 
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The equations differ in form from reinforced cojicrete 
beanrp equatioi^, because in addition to the neutral axis n 
there is a central axis about AVfiich the bending moment B 
is taken, «,nd because of the factors necessitated by the 
existence of the external force l\ 

Consequently, besides assuming distinctive forms, the 
equations embody factors and symbols which do not appear 
in beam formula^. 

Nevertheless, as shown later, several of the equations can 
be expressed in terms practically identical with those of 
beam formula*. It should be noted that by making P -- 0, 
the formulae for combined direct and flexural stresses give 
precisely the sann^ results as those for simple flexure, and 
conversely that by making B — 0 the formulae arc precisely 
equivalent to those for direct compression. 

As the equivalent area Ac is not employed, the centroidal 
axis, required in the ease of the preceding series of equations, 
is replaced by a central axis, as shown in Fig. 91, the neutral 
axis being at a variable distance n from the “ loaded ” side 
of the member. 

Then for P the component of the resultant total force 
i^prmal to the cross section, and for B the bending moment 
ab()ut the central axis, 

We have 

P -- ^rc'*b>n + rs'-As' -p*As . . . (107) 

and 

B ^ yc'-l^-n{lD - ln)-\-rs'-As'-as' ^-rs-As’Qs (108) 

^In accordance with the hypothesis of the conservation of 
plane sections, the resultant fibre stresses in the steel above 
and below the neutral axis can be computed by equations 
similar to those for the stresses in the Reinforcement of 
rectangular beams. 

Thus, referring to Fig. 94, we see that for the resultant 
fibre stress in the steel above the neutral axis \^e^h<kv« 

as' - ID + n 
rs' " - - - •m^rc' 

n 
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2 } 6 
• « 

In ;case thic should not be clear to the reader it may be 
pointed out that “ ‘ 

as' - ID + n as ' ' j n - IJJ 

7i - (W ^ as') , 

Blit as by Fig. 94, 

(^D as') - r 

we obtain 

a - (U) as') a - 

and the loriiiula can be written in t(‘rnis eorres ponding with 
those of the equivalent beam formula, or 

. 

rs = — - — m-rc' (109) 



Similarly, for the resultant fibre stress in the steel below 
the neutral axis, 

We have 

as + \D - n 

rs ~ — •7ri*rc' 

n 

‘ By reference to Fig. 94 it will be seen that 
-V Hf-n = {D- ?) -- n 

Kere (Z) - /) corresponds with d =i effective depth, as 
Employed in beams. Therefore the equation could be 
writfeil ip terms identical with those of a beam formula, or 
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• ^ 

If this equation we];e so written, however, the introduction 

of th^ symbol ^ would lead to confusion in the present series 
of formulae where D is the basis of measurements relating, 
to depth. • • 

•A 

Consequently a preferable equivalent is 


D ~ (t + n) ^ ^ 

~ -m-rc' .... (110) 

n 

The combination of formula* (107) to (110) results in an 
equation for the determination of w, the depth of the neutral 
axis, as follows— 

- n^dP D - |2?) -f- wm/ft [B{As' f As)~ P(As'^a.s^') 

- As’as] - B-?nlb[As''i' f As (D - /)] 

P'7nlb[As'as(D - i) - As'-as'-i'] — 0 . (Ill) 

From this cubic equation, which can most conveniently 
be solved by suc(!(‘ssive aj)proximations, is obtained the 
fcfllowing formula for the resultant extreme fibre stress in 
the concrete above* the neutral axis 


-j- ‘m-As'(n - i'j - (f + n)l 

Finally, for the resultant extreme fibre stress in the concrete 
below the neutral axis, we have, as shown by the stress 
diagram (Fig. 94) — 

(D-n) . 

rc == '-re' . (118) 

n 


Simplified Formulae for Symmetrical Reinforcement. — • 

If the reinforcement is arranged symmetrically •^(Ptt* the 
central axis, we have As = As' and as — as' (conl^are FigB. 
94 and 95), and can adopt the following series of shnplified 
formulfle — 
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P =*^^rc'*b-n + (rs',-rs) As , . ' 

B = lrc'*b-n(lD - {rs' + rs)Ahas 

as - \D +n 


rs — ■ 


*m^rc 


(107a) 

(lOSa) 


[n-i) 


m*rc 


n 


as -\- \D - n 

rs = “ ' m-rc' 

n 


D - (i + n) 


•m^rc 


(109a) 


(110a) 



Fig. 95 


Similarly, the cubic Eq^uation (111) reduces to 
n^'\P *- nWP'B - \B) + 2n’B-m-Aslb - m-AsIb 


(B-D -f 2F-as^) = 0 

. (Ilia) 

and (112) becomes 


P 


“ /2n-D\ 

. (112a) 

* lii-n + m-As( 



‘ (P-«) , 

rc = ^ ^ •rc 

n 

. (118a) 


♦ The apjjlication of Formula (111a) for symmetrical rein- 
forcement is greatly facilitated by the aid of a diagram such 
as that reproduced as Fig. 96. 
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When the position the neutral axis has been determined, 
the v^ucs of tht resultant stress^^s can be obtained by Equa- 
tions (109aj, (112a) and (113), which, together with 

(107a) and (108a), be further simplified by the use of the 
ratios : as; == asfjD ; i, = i/D ; n, - n/D ; r -= As/b D, 

Thus 

P = [lrc/-n, ^ r(rs‘' -rs)]b-D . . . (107^) 

B [Irc^'ihd - Im) i- r{rs' j- rs)as,]h'D'^ . (lOHb) 

rs'==^^~.7n-rc' (109ft) 

1 ~ {h ~\~ 'H't'} 

rs = -•m-rc .... (1106) 

P 

+ wt(— ~--) j6-Z) . . . (1126) 

I - n, 

rc rc (113ft) 

Til 


Referring to Equation (111a) it will be noted that, with 
given dimensions, n is governed solely by the ratio BjP = e. 

Therefore B/P in (111a) can be expressed as a function of n, 
and thereby we can obtain 

B ^ + 3n^ lD -|- 12m-fl.s-a,v2/ft 

P ~ 'rl'inrm-AsIb-W-m-Asjb ' ' 

Adopting the ratios n, = njD ; r As/b-D and o.v, ^-asjD, 
Equation (114) reduces to 

R _ _ + l.J«/2 _|_ i2m-r*a.v,2"] 

P L ^ V2nrm-r ~ ijm-r ‘ 

Then, dividing both sides of (114a) by D and« taking 
m — 15 and as, ™ 0’4 
we have 


B _ , - n,^ + 1 .Jn/2 + 28’8r 

P*D ' 3wi^ + 180n#«r ~ 90r 


( 115 ) 
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« f. 

If^referreS, the value can be* taken al 0*408 so as to 
give the simple quantity 80/* — (12 X 15 X \)*4082)r, instead 
of 28' 8r in the numerator. The advantage' so gained in 
respect of simplicity is counterbalancedub^ the complication 
introduced into the value of ?/, which becomes 0*5 - 0*408 
= 0*092. 

Similarly, the value asi — 0*42, as recommended in some 
text-books leads to the quantity 31‘75r in the numerator 
of (115) and to the value ii = 0*08. 

On the whole, the value as, = 0*4 is the most convenient 
for general use, especially as it leads to the simple value 
ii = 0 * 1 . 

For assumed ratios of reinforcement, r, values of e, can 
be computed by (115) for different values of W/, and by 
plotting the results as in Fig. 96 a series of curves is obtained 
by the aid of which, together with known values of B and P, 
the proportionate depth of the neutral axis can be readily 
found for use in formulae (107fl) to (113a), and (1075) to 
(1125). Intermediate values sufficiently accurate for all 
practical purposes can be obtained by interpolation. 

Fig. 96 is based upon the value as = 0*4D, or asi = 0*4. 
In the case of members where it is desired to arrange the 
reinforcement so as to make asi either greater or less than 
0*4, the diagram can still be used with approximately accurate 
results by taking values of n, slightly below or above those 
given by the curves. As shown by Fig. 97 the differences 
in the values of n, for variations of asi from 0*36 to O’, 42 arc 
comparatively small, and for small variations they scarcely 
exceed the fractional errors usually permissible in practical 
^ computations. 

Owing tq the form in which equation (115) is expressed, 
the value qf ^,^o be inserted is either that in the area below 
title cei>tral axis or that in the area above the central axis, 
* and the curves in Fig. 96 denote ratios of steel for the same 
area, ~ As/b^D* Therefore in the case of a member 
>^here r .= 0*01 below the axis and r = 0*01 above the 
axis, we* musj use the r = 0*01 eurve, and not the r — 0*02 
curve. 
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• «• 

As, this mofchod of procedure has*been adop^tec} hitherto in 
connection with similar diagrams in other treatises, the j<,uthor 
has followed the general practice, although thinking it would 
be preferable for the inscriptions on the curves to denote 
total ratios of steel, such as (r + r) + As)lb'Df or 

(r + r') = {As + As')lh‘D. 

So far as the employment of the diagram is concerned, 
however, it does not matter which method of designating 
the curves is adopt(;d, so long as the user is clear as to the 
basis of the ratios. 

The following examples illustrate the use of the diagram 
in finding values of ni for given values of a and r. 

Example 1. — Take a beam 9 in. in breadth , 20 in. in depth, 
reinforced with two J in. diameter bars inset 2 in. below the 
upper surface, and with two | in. diameter bars inset 2 in. 
above the lower surface. Idi P — 30,000 lb,, and B = 250,000 
in.Abs. Find the depth (w) of the neutral mris. 

The ratio of steel to be taken into account is 

r = Asl{FD) =: 2 X 0*44166/(9 X 20) - 0*005 

The eccentricity ratio of the rt^sultant of the external 
forces is 

ei = BjP D = 250,000/(30,000 X 20) = 0*41«6 

Turning to Fig. 96, we find that the intersection of ci 
— 0*4166 on the top scale and the curve r — 0*005 is opposite 
m = 0*56 on the left-hand scale. 

Hence the neutral axis*depth is 

n = nrD — 0*56 X 20 = 11*2 (inches) , 

Example 2. — Take a beam where b = 10 in., Z) — 20 in., 
= 1*6 sq. in., below the central axis {with ^5 = 1*6 sq.nn. 
, above the central axis), ei = 0*4. Find the depth of the neutral 
axis. 9 

In the first place, we calculate the value of r — Asl{b*D) 
= l’6/(il0 X 20) = 0*008. Then, using the enlarged diagram 
at ^he bottom of Fig. 96, we find the interseetion of ci = 0*4 
and r =• *{1*008 is opposite m = 0*65 on the right-hand side. 
* Consejcjuently, 

= ni*D = 0*65 X 20 = 13 (inches) 
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Summary .of Formulae and Numerical »Examples. — 

At tke end ot this Chapter wc append a series of tables 
giving formulee (102) to (115) ill four groups for convenient 
reference, •opposite ^each table being numerical examples of 
the equations. ,¥wo tables of numerical examples are also 
given showing the manner in which curves can be calculated 
for diagrams such as Fig. 96, and two tables of calculations 
illustrating the method to be adopted in the indirect solution 
of the cubic equations (111) and (Ilia) for the neutral 
axis depth. 

A series of Standard Formulae will be found on the folding 
plate facing p. 202. 

TENSION AND BENDING 

From the statement of general principles at the com- 
mencement of this section, it is evident that the effects 
produced by the combination of tension with bending 
moment are equivalent to those of combined compression 
and bending moment, the only difference being that the 
introduction of a negative force - F, in place of the positive 
force P, involves a corresponding change in the signs of the 
resultant stresses. 

Consequently, the formulae already given for compression 
and bending moment can be applied to the treatment of 
members subject to tension and bending moment combined. 
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SUMMARY OF FORMULAE FOR MEMBERS. UNDER 
COMBINED STRESSES * 

ft 

MEMBERS WHERE THE RESULTXkT STRESSES 
ARE WHOLLY COMPRESSIVE 

Formulae Based upon tJie General Equation for Combined 
Stresses in Members of Homogeneous Materials. 


{ac Tejae) 

. . (102) 

(i- - ^ ) 

. (103) 

\Ac lejae J 

le/as) ' 

. (104.) 

(l^ " lei^ 

. (105) 

+ As(D - i)] 
b'D + m(As' 4- As) 

. . (106) 


(Simplified Formulae for Symmetrical Sections.) 


(i + J^) ■ ' • • 

. (102a) 

" = (t, ^ ieh) ■ ■ ■ 

• (lOSa) 


. (104a) 


f 

. (105a) 

ae = iD* 

. (106a) 
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NUMERICAL EXAMPLES 


MEMBHRS WlIljlRE THE RESULTANT STRESSES 
AFdi WHOLLY COMPRESSIVE. 


Data. — Ac = 212 s(|. in., ac — 10'5 in., ae' -- O'S in., As = 1 
sq. in.. As’ ^ 2 sq. in., as — 9’.5 in., as' — 7'5 in., 
h === 10 in., I) 20 in., c ^ 2 in., Ic = 9551 in. units, 
i = lin., i' = 2 in., m -- 15, P — 50,000 lb. 


I X 10 X 20^+ 15(2 X 2 I- 1(20 - 1)J 


--9‘5(in.) (106) 


10 X 20 + 1.5(2 f 1) V / V / 

rc' -- 50,000(1/242 + 2/1000) = 306 (Ib./in.^) . . (102) 

rc - 50,000(1/242-2/910) 96 (lb./in.2) . . (103) 

rs' - 15 X 50,000(1/212 (- 2/1274) 4,275 (Ib./in.-) (104) 

rs 15 X 50,000(1/212-2/1000) 1,599 Ib./in.^) . (105) 


{S(/minctrical Sections.) 

Data. — above, with the e.'^'eption of tlie following ; 

As -- 1'5 sq. in. above axis and ]'5 sq. in. below 
* axis, ac = 10 in., as 8 in., Ic -- 985 1 in. units, 

, * = 2 in. 

ae. = ^ X 20 — 10 (in.) ..... (106a} 

rc' = 50,000(1/242 + 2/935) 81 1 (Ib./in.'h .• . (102a) 

rc = 50,000(1/242-^2/935) = 100 (lb./in.2) .* ,. (Id3a) 

r,v' -= 15 + 50,000(1/242 + 2/1170) 1- 4,374 (Ib./iij,*). (404a) 
rs 15 X 50,000(1/242 - 2/1170) - 1,824 (lb./in.‘-“) (lOSa) 
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SUMMARY OF FORMULA. FOR MEMRERG UNDER** 
COMBINED STRESSES * 

fl 

4 

Members where the Resultant i^jTREssEs are 
C’OMPRESSIV’^E ON OnE SlDE OF THE AxiS AND TeNSILE ON 
THE Other Side of the Axis 

Formulm Based upon the Theory of Simple Fleirure. 

P — Irc'-b-n 1 rs'‘As' ~ rs-As .... (107 

B ^ irc'-Fn{lD~ -j- rs'‘As'‘as' i rs-As-as . (108 

, as' - ID |- n 
rs — -m-rc 

71 

(n~i') 


as i W-n 
rs -m-rc 

71 


D -(i + n) 

— - •rn^rc 

n 

0 JR) 

+ n-mjh[B{As' + As) ~ P(As'-as' - As-as)] 
- B'7nlb[As'-i' + As(D - /)J 
* - P-m^/b {As-as(D -i)- As' -as' A'] 


\b‘n^ + m-As'{n - i') - 7n-As[D - \i + n)] 
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NUMERICAL EXAMPLES 

Members WiieAe the Resultant Stresses are 
Compressive on One Side of the Axis and Tensile on 
the Other Side of the Axis 

( I hisymmelrical Section . ) 

Data. — As — 1 sq. in., As' — 1*2 sq. in., as — (S in., as' — 
7 in., h - 10 in., I) ~ 20 in., r ~ in., /' - 3 in., 
/ 2 in., VI -- 1.5, r ^ 80,000. 

TIic neutral axis dcptli, n — 11*5 in., is calculated by 
Forniula (111). 


(107) 

(108) 


rs -■ 


(109) 


F rr-. (.^ X 482 X 10 X irs) -I (5341 X r2) - (4080 
X 1) = 30,000 (lb.) 

/? = [I X 482 X 10 X 11‘5(10 - 3‘8)] 4 |.5344 
X 1'2 X 7J 4- 14086 X 1 X 8J 
- 250,000 (in.-Ib.) 

f ^ (7 - 10 1 ir5) 
irs 
(11-5^3) 

11 ;5 

(8 H 10 - 11'5) 

11 '5 

. 20 -(2 -I 11 ‘5) 

^ 11-5 

30,000 X 11 '5 , _ 

f[x 10 xTr5^'-(;Ll5X I^(ir5-3)j-[l5 xT>^6-5j . 

-- 482 (lb./in.2) ’ ’ (n2) • 

(20 -11 ’5) 


rs =• 


X 15 x 482 

X 15 X 182 - 53l4(ll)./in.''‘) . 

X 15 -h 482 

X 15 X 482 - 4080 (ll)./in.>“) . (110) 


re = ' X 482 ^ 350 (Ib./in.^) . 


?• 

.• ( 11 ») 
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SUMMARY OF FORMULAE FOR MEMBERS^ UNDER 

COMBINED STRESSES « ^ 

c 

Members Where the IIesultant *lyrRESsES are 
('OMTRESSIVE ON OnE SiDE OF THE AxiS AND TeNSILE ON 
THE Other Side of the Axis 

Formulae Based vpon the Theory of Simple Flexure. 
(Simplified Forms for Symmetrical Sections.) 


p — lrc'd)-n -f- (rs' rs)As . 
B |- (r.v' {- 

as - ID , 


as + W n , 

rs — •ufrc 

n 


D ~ (i 4- n) 


0 -^n^-lF-nl^(iP-D-iB) 


-(- 2n'B'm-Aslb - m*Aslb(BA) + 2P-as^] 


jib-n 4 m*As 




Sfrn , 

fc = — — rc 
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NUMERICAL EXAMPLES 

Members Wheue the Resut.tant Stresses are 
Compressive on One Side of the Axis and Tensile 
ON THE Other Side of the Axis 


{Symmetrical Section. ) 

Data. — As — 1 sq. in. {As' — As — 1 sq. in. above the central 
axis, not to be used in this series of equations'), as 
— 8 in. (above or below the central axis), 6 — 10 in., 
D “ 20 in., i — 2 in. (below the top and above the 
bottom of the members), ni = 15, n = 11 'G5 in. (as 
calculated by (111a) on page 235). P = 30,000 lb. 


P ^ (lx 480X10 X 11 •()5) + (59()4- 3924) Xl 

30,000 (lb.) .... (107a) 

B = [1X480X10X11*65(10-1X11*05)] 

-[-[(5964 + 3921) X 1 X8]=250,000 (in.-lb.) (108a) 
8-10 + 11-65 
11*65 
11-65-2 
irdf)5 

8+10-11-65 

Ti-65 

20 - (2 I 11-65) 

^ 11-65 

30,000 

/2 X 11*65 - 20> 


rs — 


rs 


X 15X480 
' X 1 5 X 180 ,5964 (Ib./in.^) 

X 15 X 480 

* X 15 X 480 -- .8924 (lli./in.^) 


rc 


ixlOXll’65+.15xl 
= 480(lb./in.2) 


\ ires 


20-ll‘65 „ 

rc = - X 480 -- 344 (Ib./m.’*) . 

11'65 ' ' ' 


(109o) 


(110a) 


(U2a) 

(llSft) 
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SUMMARY OF FORMUtLiE FOR MEMBERS, UNDER 
(’OMBINED STRESSES • , 

Members Where the JIesultant “Stresses are 
Compressive on One Side of the Axis and Tensile 
ON THE Other Side of the Axis 

Formula Based upon the Theory of Simple Flexure. 
{Further Simplified Forms for Symmetrical Seel ions.) 


p 

— ( \rc'’n, 1 r{rs'- rs)]lyD 

. (1075) 

B 

\ irF‘ni(\- Jw,) | r.s)as,\lrD'^ 

. (1085) 

rs' 

{n,~i,) 

m-re .... 

m 

. (1095) 

rs 

1 {it -1 nf) , 

— 'm'rc .... 

Ut 

. (1105) 

rc' 


. (11&5) 

rc 

— — re , . • . 

ni 

' . (1135) 

♦ 


(Kf/aations for Diagrams giving Values (. 

if «'•) . 

P 

-n^ h + Vlm-As-as^lb 

^2n•m•Asjb - QD-nvAs/b 

• (114) 

B* 

' P 

1 12m-r*«.s*|21 ^ 

L Sui^ 1 V2ni*7mr - Ormr J 

. (114a) 


ja _ " * -n/M I 28-8r 

P 180wi-r-90r 

f 


( 115 ) 
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NUMERICAL EXAMPLES 

Members \\hAre the Resultant Stresses are 
Compressive ox One Side of the Axis and Tensile 
ON THE Other Side of the Axis 

[Symmetrical Secii ons. ) 

Data.- r Asl(b-D) — 0*005 (r' r = 0*005 above the cen- 
tral axis, not to be used in these equations), asi 
as ID =- 0*4, b - 10 in., Z) - 20 in. |D/Z) - 1 used 
in (1105) and (113ff)J, /# — ijD — 0*1 (below the top 
and above the bottom of the member), m -- 15, 
n, = n/D = 0*58, P = 30,000 lb. 

P =- X '58 -I- *005(5904 - 3924)]5*/> 

- [139*8 I 10*2]5-i) 

= 1505-/> (1075) 

li -= [l39'8(| - + •005(5»(U -1-39‘ii)' ij b-IP 


= [139‘8 X'3()5 \ 1.9'U X ^]/)•/>■^ 

- emir IP .... 


•58 - ‘1 


X 15 X 180 


5964 (lb./in.‘^) . (1095) 


rs ^ ^ X 15 X 480 --- 3921 (lb./in.=‘) . (1105) 

• 58 


rq; 30,000/ i(*58) fl5(*005) 




30,000/C31255-/l) 

96,000/6-7) 

90,000/200 = 480 (Ib./in.*) 

1 — "58 

-r X 480 344 (Ib./in.*) 


1 — 58 

= -~ X 480 -- 344(lb./in.*) . . ^ ^1136| 

Numerical examples of equations (114) to (115) are * 
given on the succeeding pagg. 
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NUMEUICVy, EXAMI’I.ES ' 

CALCULATIONS FOR DIACOIAM • 

OiviNO Neutral Axis Depth Ratios f'or Diei'Erext 
Ratios of Eccentricity and of Reinforcf.mf.nt 

(Sytmmirical Sections . ) 

\ aiiioK (i[ Hi jiikI e aic jis.siiim>(l arul tiu' r(iiT('s|)(in<liiiji values of /’/ 
ai’o calculated. Tlu' iv'sults ai*c plolted in cuvve^s fcoiu wliich any 
retjuici'd value of a, cau be obtaitieil. 

Data. — .L v - t .s<|. in. {As' — As — I sq. in. aliovc the 
central axis not lo lie used in the ctjimtions) 
as ^ 8 in., fc = 10 in., /) ^ 20 in., w - 15, « = 12 in. ’ 

- - i '^(12PX i(20) 1-12 X 15x4.x 8VR> 

P ' 3(12'.*) I 12X12X15X4./10 - 0x20x15x8/10 

1728 + 1320 f 4.008 
432 [ 801 720 

7200 

,wi .... (Ill) 

Data.-- r - As!(trD) 0'02 (;' - r --- 0'02 not to he used^ 
rt.«. asjl) O'l, b - 10 in.. /> 20 in., m - 1.5, 

«i= njD — O’O. 

p _ !- i 12 x 15 X ’02 X '4.2 1 

P ‘ L3C0)* f 12 X •« X 15 X '02 - 0 X 15 X '02]^ 

^ r--216 I- -54. f •.576'] 

L 1'08 -h2-ic- r8oJ^'^ 

= 0'025 D =- 12’5 (inches) . . . . (114t*) 

, Dividing iiy D, and inserting 28 '8 - 12»|.fl,s.,2, 108 = 
12 m/.mi, and 90 - -• Owi, \vc have 
_ -«i3-+-‘l JC6)**+ 28-8 X -02 
P'D 3C6)2-|-(180 X •C-90)'02 
• t^,V210 i '54 + 28'8 X '02 

•' "*/l'08 + 18 X '02 

= 0'e2,5 


( 115 ) 
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CALCi;i.ATI{)N OF CURVES FOR DIACJRAM 

Values of t'l for Different Vai.ues of m and r . 

§ 

S' — 

Taking tn = 15, and a.s‘, — 0*4. as constants, there are only 
two variables in equation (115), by the aid of which values 
of e, — BjP'D ior different values of n# and r can readily 
be calculated. 

Caeculatton of Cl Curve for n , O’fi and r ^ 0*001 
to 0*005. 

By (115), Cl = *324 |- 28*8r/(l*08 -f 18r). 

Therefore' we have 



Numerator. i; 

Denominator. I 


28*8r 

324 1 28*8r | 

18r 

1*08 + 18r 

0001 

' 0*0288 

0*3528 ! 

0-018 

1*098 0*3213 

*002 

*0570 

*3810 

•030 

niO *3419 

*003 

‘0804 

*4104 

•054 

1*134 '3019 

*004 

'1 152 

*4394 

*072 

1*152 *3814 

*005 

*1440 

*4080 

*090 

1*170 *4000 


Taking m — 15 and a,si - 0*408 as constants, the caleula- 
^on of curves is simplified although as, - 0*408 is not so 
convenient as a ==0*4 for general use. 


Calculation of ci Curve for n, = 0*6 and r = 0*001 
to 0*005. 

By (115^, c, = ‘324 | 30r/(l*0i=r+ 18r). 

Therefore we have-* 

• 

Nimiorator. Denominator. 

• : 30r I ■324 l«r UOS-l ISr ;i 

0001 I 003 O’S.')! ’ O’OLS 1008 ' 0*3223 • 

'002 1 *00 '384 *030 1*110, ! *3442 

003 *00 *414 *054 1W34 I *3055 

004 *12 I *444 *072 1*152 • ' *3854 

;^00.5 *15 ;• *474 1 *090 1*170 » *4052 

To provide data for plotting a complete diagram^or^ any 
predetermined basis, results must be calculat®(i« witl\ ^ a 
sufficient number of values for w#, each with values of r 
ranging from 0 upwards. 
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INDIRECT SOLUTION OF CUBIC EQUATION 

For Neutral Axis Depth.^ ‘ 

< 

( U nsymmtirical Secli ons. ) ‘ 

Data. — The data applying to the examples on page 227 arc 
reprintcnl here for th(‘ convenience of the reader as 
follows : As sq. in., as ^ ^ in., As' -- 1*2 sq. in., 
as'^ 7 in., li = 250,000 in.-lh., h - 10 in., D=20 in., 
m P - 30,000 11). 

Substituting these values in ecpiation (111), we have — 

(a) n^X i X 30,000 == 5,000 

(b) n\l X 30,000 X 20 | X 250,000) 25,000 

(e) + n X 15/10[250,000(1*2 f 1) 

- 30,000(1*2X7 1 X 8)] 807,000 n 

(d) -250,000 X 15/10[1*2 X 3 + 1 X 18] 

- 30,000 X 15/10 jl X 8 X 18 

-1*2 X 7 X 3] - 13,446,000 

Dividing the results for’ terms (a) to (d) by 5,000, we obtain 
rm2 f icon 2690 - 0 
As a first trial, assume n - 10, giving 
1000 500 t ICOO - 2690 - 590 

A second trial, with n -- 12 gives 

1728 - 720 4^ 1920 -’2690 = -f 238 
Therefon*, it is evident that the value of n must be between 
10 and 12 and nearer to 12 than to 10. 

A third trial, with n — 11 results in „ 

1331 -605 + 1760-2690 = - 204 
A fourth trial, with n - 11*5 gives the result 

1520 } 181.0 -2()9() = f 9 

• 

This is near enough for all practical purposes, and further 
trial ^ is unnecessary and the value n ~ 11*5 is adopted in 
the cal cul'i^t ions on the preceding page. 

*As a rnatter of interest, it may be mentioned that a fifth 
trial, with n ^ 11*48, provides an exact solution. 
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INDIRJiCT SOLUTION 'OF C UBIC EQUATION 
Fcjr Neutral Axis Depth. 


(Symmetrical Secti om, ) 

Data. — T he following date are also eniployetl l‘or the numer- 
ical examples on page 229: As = 1 sq. in. (with 
As' As = 1 sq. in. above the central axis, not to 
be used in the equation), as ^ in., B —■ 250,000 
in.-lb., b - 10 in., D 20 in., m 15, P = 30,000. 


Substituting these values in equation (111a), we have 

(a) J X 30,000 = 5,000 w3 

(b) - nVi X 30,000) X 20 - J x 250,000) - 25,000 

(c) \ 2n X 250,000 X 15 X 1/10 150ii 

(d) - 15 X 1/10(250,000 X 20 4-2 X 30,000 X 8^) ^ 2,050 

Dividing the results calculated for terms (a), (/>), (c), aud 
\d) by 5,000, we obtain- 

- 5^2 4- i50w 2050 -- 0 


Successive trials give results as follows 

10 ^ 1000 - 500 + 1500 - 2050 -- - 050 

•n ~ 12 ^ 1728 - 720 + 1800 2050 -r | 158 

n ^ 11*5 1520 601 { 1725 - 2050 -- 66 

n 11*6 1560 - 672 1 1710 - 2050 = - 22 

71 -- 11*65 1581 - 679 | 1747 - 2050^ - - 1 


In cases where an exact value for n is requirfti the regults 
of a few trials can be plotted so as to provide a cuiVe showing 
the value which, inserted in (111a), will give 0 ^15^ Uie result. 

For ordinary calculations, values of n can t)(? obtaijied 
readily from the diagram reproduced as Fig. 
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CHAPTER XI 


EQUIVALENT AllEA ; INERTIA AND BENDING 
MOMENTS ; WORKING STRESSES 

EQUIVALENT AREA 

Definition. - The equivalent area, or, ns it is sometimes 
termed, the transformed area, of a reinforced concrete member 
is an imaginary or theoretical area equivalent to the sectional 
area of the concrete plus m times the sectional area t)f the 
steel. 

Let Ac = equivalent ar(‘a, A — total area of the member, 
ZAs — total area of the steel, and m = modular ratio Es/Ec. 

Then 

Ae A - ZAs + m-ZAs . 

= A m*ZAs - ZAs 

= A \-(m-1)ZAs . . . (110) 

Fig. 98 represents the section of a member 10 in. sejuare, 
%rhcrc the total area of the steel is made uj) of four bars each 
of I sq. in. area. 



By the first form of (1 10) = 100 - 4 + X*4 = 

90 + 00 = 150 (sq. in.). Fig. 99 represents the equivalent , 
area Ae, calculated by the final form of (110), tal^i^ m — 15, 
as follows — 

Ae = 100 + (15 - 1) X 4 = 156 (squared inches) 

237 
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In this example, the total area of (100 sq. in.^is supple- 
mented by the equivalent area of steel (4 X 14^' — 56 (sq/in.). 
Each bar of steel has an area equal to lUAs^ and each of the 
projecting wings in Fig. 99 represents an 'area* equal to 
14 sq. in. of concrete. 

Formula (116) is a general equation in which the symbol 
HAs may be replaced by some analagous symbol in the case 
of any class of member where the total area of st(‘el is not 
usually denoted by the symbol I As. 

Thus, in formula' for beams, either A or (A Ac) may 
denote tlu' total area of steel ; in vertical compression 
niemb(*rs, Av — total area of vertieal steel (Fig. 100) ; in 



Fia. 100 


As 


As' 

As 

• • • 


As 


Fia. 101 Fig. 102 


members subject to combined stresses, (As | As) total 
area of steel if, as in Fig. IQl, the reinforcement is. arranged 
symmetrically above and below the centroidal axis ; and in 
members of the same class (As + As') — total area of steel 
if, as in Fig. 102, the reinforcement is unsymmetrical above 
and below the centroidal axis. ' 

, From the practical standpoint it does not matter whether 
• we use As, (As -f As), As + As'), or any other symbols 
in (110) so Ipng ds the total area of steel is represented and 
taken into account. 

« * By^thc employment of the symbol £r to denote the 
total ratj®V)f steel, we can write (116) in the simplified 
form 


A^ [1 -f(m-l)2'r]^ 


(116a) 
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here Z'/Tsisnthe ratio of the total area of stc^l to tha total 
area *(or, in tho case if a beam, to the effective area) of the 
member undw consideration. * 

The ralfios of steel for different classes of iTiembers arc 
defined in Table till, where also will be found several 
variations of the general equation (116) for the equivalent 
area of beam, compression member and combined stress 
member sections. This table, Avhieh includes (*orresponding 
variations of the general equation for inertia moments, is 
given with the objects of affording guidance in the use of 
the symbols denoting ratios and areas of reinforeement, and 
of collecting the formula' together so that they may be 
readily compared. 


INERTIA MOMENT AND DERIVED RATIOS 

Inertia Moment. — As tlie inertia moment, 7, of a body 
is the sum of the products obtained by multiplying eaeli 
element of mass by the square of its distance from the 
ccntroidal axis of the body, the inertia moment, /e, of a 
reinforced concrete section in terms of the equivalent area, 
is necessarily more complex than the inertia moment of 
a homogeneous section; and includes the inertia moment, /e, 
of the concrete, and the inertia moment, Is, of the steel. 

The following equations apply to forms of section in fre- 
quent use,* the reinforcing bars being assumed to be arranged 
as iq Figs. 103 to^l05. 

Rectangular Section with Symmetrical Reinforcement . — In 
tlys case (see Fig. 103) we have, by the familiar rule, 

Ic = 

which, as ac = may be written 
Ic — 

— \A'ae?‘ 

For the inertia moment of the total area ol steel^^we tiaVe 
Is = [m-\)EAs'as^ 




In the case of beams, Ab = effective area of beam, aiSi ^4 = area of tension reinforcement. 
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and for the inertia moment of tjie reinforced Section 

le = Ic + Is . 

o 

[iA-ae^] + [(m-l)i:As-as^] . (117) 

Rectangular SeHion with Unsymmetrical Reinforcement , — 
Where the reinforcement is unsymmetrical, as in Fig. 104, 
we have 

Ic ™ lb(ae^ -]- oe'^) 

and 


Is (m - 1) (As-as^ -\ As'-as'^) 



Then, for the inertia moment of the reinforced section 
we have 

le — I lh(ae^-\- 1) As'*as'^)] 

(118) 

Circular Section ivith Symmetrical Reinforcement.- -In this 
case (‘see Fig. 105) we have 

and, denoting (a.9 + as) by the symbol d, 

Is = l(m - 1 ) EAs»d^ 

Therefore for the inertia moment of the reinforced section, 
we obtain 

le = [i^A-B^] + [Um - l)EAsA^] (119j 

Formulae (117) to (119) are general equations applicable 
to all classes of reinforced concrete members (!f rectangular 

Mv (n139) 
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and oircular (^ross sections for which it is neaessary to cal- 
culate inertia moments, and as explaiiied in connection with 
Formula (116) the symbols may be altered as desired in order 
to comply with any special system of i^otafion sSvlopted for 
compression members or members subjeet to Combined stresses. 
Variations of the formula' embodying the notation employed 
for beams, compression members, and combined stress 
members are given in Tabh; VIII. 

Modulus of Section. — ^The modulus of a section is a 
measure of the strength of the section which is more generally 
employed in ordinary structural design than in reinforced 
concrete practice. 

In the familiar equation for the resistance moment, 
R —fllK tbe (piantity Ijh is the modulus of the section, 
and may be described as the inertia moment expressed in 
terms of h. Denoting this ratio by the symbol M, we have 
the general expression 

M - Ilh 

Where h ~ height of the extreme fibres above the neutral 
axis of a hornogeiujous member, this dimension being equal 
to the distance between the neutral axis and the extreme 
fibres below the same axis. 

The equation applies to all sections which are symmetrical 
about the neutral or centroidal axis, and can be applied to 
the section of a reinforced concrete beam or other member 
with the substitution of the symbols le for I and either n 
or ae for h. 

Then, for the section of beam, we have 

M = lejn " 

‘and for the section of a compression member, or a member 
subject to Combined stresses, where ae — ID as in Fig. 106, 
wt liave ‘ 

; ‘ M — le/ae 

Ih iiiQk »casc of reinforced concrete beams and members 
skfoject to combined stresses, ordinary methods of com- 
puting knd applying tlie modulus of section do not satisfy 
requirementsf 
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!A.s we taye shown when dealing with beam and^ other 
fornrjiilfe, the ^quatidns suitable for homogeneous materials 
require considerable amplificatibn so as to fit them for taking 
into accownt the various factors occurring in reinforced 
concrete practioc*. * Similarly, to render the modulus of 
section suitable for general employment in reinforced con- 
crete formulae, qualifications of the ratio expressed by 
the symbol M are necessary, particularly in equations 
for sections unsymmetrical about the neutral or the 
centroidal axis. 
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Leaving beams out of account, let us consider a section 
such as that represented in Fig. 107, which may be taken 
as the cross section of any class of member subject to 
combined stresses. 

^ In order to provide qualified forms of the general symbol 
M, suitable for use in combined stress formulae, the modulus 
of section must be suitably derived from the inertia moment 
stated in one or other of the forms given in Table VIII. 

For instance, the modulus M*— lejav for a symmetrical 
section must be ^replaced by M' = lejar', and M lejae, 
whert* ae' and ac are the arms of the extrcMue fibres above 
and b(*low the centroidal axis, respectively. 

•Again, the arms of the steel usecl as reinforcement, above 
and below the centroidal axis, demand the additional 
symbols Ms' = Icjas', and Ms = Ir/as. 

In the ordinary beam equation /— BjM, we have only j:he 
flexural stress / to determine, but in reinforced ‘concrete, 
formulae for beams and members subject to combined direct 
and flexural stresses, we have to determine th(> Valuer ^of 
tensile and compressive stresses due to flexure on tdther side 
of the neutral or the centroidal axis. 
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The;, following flexural stresses have to be cqnsidered iA a 
combined stress member — ’ 

fc' — flexural stress in concrete extrynfe fibres above 

f centroiAal axis. 

fc -- ,, „ „ extreme fibres below 

centroidal axis. 

jy „ steel above (centroidal axis. 

fi — „ „ „ below centroidal axis. 

Therefore, to provide for determination of these stresses, 
the simple equation/ — BjM must be replaced by 

fc' - niM' - niilclae') 
fc HIM - BKlcjae) 
fi' = BjMs' - Bl(l('las') 
fi - BIMs = Bl(lelas) 

On reference to ChapttT X, it will be seen that these 
expressions, in their second form, are included in equations 
(102) to (105), and as (explained in the same chapter the first 
form can be substituted if thought desirable. From tli^ 
foregoing equations we can derive 

M - Icjac • . . . . (120) 

M' - Iela^>' . . . , . (121) 

Ms -= Icjas .... (122) 

Ms' - Icjas' .... i:i28) 

Gyration Radius. — This is another derivative from the 
inertia moment of a section, and it represents the distance of 
« the centre ofigyrailon from the axis about which the inertia 
moment ha^ bceh taken. The centre of gyration is a point 
^such that if the area of the section could be concentrated 
• there the moment of inertia would be the same as that of 
trjq^ actm-uarea. 

The r(jKitions between the inertia moment, 7, and the 
gyration radiiVi, g, can be simply explained as follows — 
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By fornTuia (117) ^ic inertia jiiomcnt for a* plain ccfiicrete 

where A = arca^ol* the section and (lae^) = 

Consequently for a homogeneous section we have 
/ - Ag^ 
g^ = II A 
g ^ V(IIA) 

For a reinforced concrete section, the inei tia moment of the 
equivalent area must be taken and ecpiation (130) becomes 
g == v(IclAc) . . . (124) 

RKNDlNt; MOMENTS 

Rules for the eomj)utation of bending moments for beams 
under all conditions of loading and support are to be found 
in standard text -books on applied meehanies and the 
strength of materials. Attention is therefore eontined to 
the statement of a few rules which will be found generally 
useful in reinforced eonerete j)raetice. 

Independent Beams.- The rules given below, taken from 
the London County Council Regulations, ar(‘ ap])lieable to 
ordinary reinforced eonerete eonstruetion in cases where 
precise and laborious calculations are unnecessary. 

TABLE JX. 

BENniN(i MOMENTS^ FOK BEAMS. 

-- (V)M cent rated Ti<»ad. VL — Llniforinly-distributed Load. 


lj)ad ' Mode of Supporting Maximum 

Conditions. or Fixing Fnds. Sending Moment. 


CL (at free end) 
VL 

1 One fixed, one free ! B\- Wd 
; „ ., B - n •?/2 

(at fixed end) 

CL (at centre) 

Both freely supporU'd i B - TF /tt 

(at- centi'e) 

UL 

„ „ „ B - IF-//8 

• 

V M • 

CL (at centre) 

Both fixed B=W'1jH (at centre and ends) 

VL 

, „ „ B-1F//12 

#-% =-—■ 


UL I One fixed, one freely B - (af fixed endf • 

! -supported ! B — Tr7/H (at p of sparj 

j from finely supported 

' end) 
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SUMMARY OF MISCELLANEOUS FORMULiE 

EQUIVALENT ARE,\ ‘ 

1 

General Kquation, 

Ac ^ A +(m - l)IAs (116) 

- [1 ( 116 fl) 

Variations of iho general equation are given in Table for Beams, 
(Compression Members, and Members under (’ombined Stresses. 

INERTIA MOMENTS 
General Equal ions. 

Rectangular Section Symmetrical about Axis. 
le \(m-l)IAs-as^] .... (117) 

Rectangular Section Unsymmetrieal about Axis. 
le — + ae'^)] -f- [(m- 1) (As‘as^-\-As'-as'^)\ . (118) 

Variations of t he general equations are given in Table NTTT for Beant^, 
C'Ompression MemlxTs, and Members under (bnibined Strossi's. 

Circular Section Symmetrical about Axis. 


le (119) 

MODULUS OF SECTION 

M = lejac ( 120 ) 

M' = lejae' ( 121 ) 

Ms-Iejas' (122) 

Ms'-= lejas' (123) 

, , ‘ * V GYRATION RADIUS 
g = ^lelae^ (124) 
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xfiMERKAL EXAMPLES 

EQUIVALENT AEEA 
Rectangular Section. 

Data.— ft 10 in., D — 20 in., A b l) - 200 sq. in., total 
area of steel - IVI.v - t s(j. in., IV 4/200 0’02, 

m = 15. 

Ac - 200 f 14 X 4 - 256 (sq. in.) . . . (116) 

Ac -- jl i U X *021200 -- 256 (sq. in.) . . (116«) 

INERTIA MOMENTS 

Rectangular Section Syninietrieal about Lentroidal Axis. 
Data, ft = 10 in., D ~ 20 in., ac - 10 in., as - 8 in., total 
area of steel — 2JAs - 4 sq. in., m - 15. 

le - J X 200 X 102 j u X 4 X 82 

^ 6666 4 ‘‘158 1 - 10,250 (inch units) . . (117) 

• Rectangular Section Unsyininetrical abo\it Lentroidal 
Axis. 

Data. — ft 10 in., I) — 20 in., ar - 10*5 in., ac' 9*5 in., 
as ^ 9*5 in., as' ~ 7*5 41., As - 1 s(|. in., As' — 
2 s(j. in., m = 15. 

lx 10(10*5^4- 9*53) I 14(1 X 9*52 I 1 X 7*52) 

• = 6716 + 2838 = 9551 (inch units) . . . (118) 

Circular Section Syininctrical about (’entral Axis. * 
Data. — A = 201 sq. in., HAs = 9 sq. inf, d = (as 4-^5) = 
13 in., D (overall diameter) =*16 in., m =45. 

le = -A X 201 X 162 4- 1 X 14 X 9 X 132 

= 3216 -1 2661 = 5877 (inch units) . (ifo) 
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It jhould he noted that in the case of beapis,with fixed 
ends, the condition of fixity is rarely Uttairifd in structural 
work to such extent as to ju^itify the use of theoretical rules 
without qualification. * • 

The French Conimission du Ciment Afnie and some other 
authorities recommend that if the fixity of a beam under 
uniformly distributed loading be partial, the centre bending 
moment shall be determined by the e(juation B = IF-//I0. 
But as this involves a theoretical value of B =- fF*//40 at 
the ends, many authorities consider it prudent to take a 
uniform value such as that given ])y W'ljli), or B— fF*//12, 
as applicable to the ends and the centre. It should be 
recognized, however, that this value (*annot obtain simul- 
taneously at the two points in a beam. 

Continuous Beams. — In rcinforeed concrete construction 
of ordinary character it is rarely necessary to enter into 
minute calculation of the b(‘nding moments in beams 
continuous over two or more spans. 

An approximate rule in very gen(‘ral emjdoyment for the 
design of beams continuous over three or more spans is to 
take B — -f W^-//I2 at the centre of interior spans and 
B = - W’lll2 at intermediate siipj)()rts. ^ 

The London County Council Regulations give the following 
approximate rules for maximum bending moments due to 
distributed loading over the approximately equal s])ans of 
continuous beams- « * 


Near middle of end span 
At support next end support 
At middle of interior sjyans 


R - ^ W’ljy) 
B -- - If //10 
B^ + Wdll2 


At other interior supports . . B = - W l/lO 

ij^ectangular ^labs Supported along Four Edges. — 

theories have been propounded by Bach, Grashof, Rankine, 
and Qth^rs^for the bending moments in rectangular slabs 
supported %)r, fixed along all four edges, but no absolutely 
satisfactory theory has yet been evolved. 

At present, #the Grashof-Rankine theory appears to be 
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the best fi>r adoption, and in the form recommended the 
French Commission •it provides for reductions of bending 
moments in accordance with tKe coefficient — 

where b - breadth of the slab and / — length of the slab. 

Hence tlie proportion of the total load IV assumed to be 
carried in the direction of the breadth of the slab is 



(«) 


and the pro])ortioii of the load assumed to be carried in 
the direction of the length of the slab is 


1 

1 + 2 



(i>) 


In applying the (irashof-llankine theory, the total load 
on a slab is multiplied by the coefficients as in equations 
^a) and (h), and the bending moments are calculated in the 
usual manner. The reinforcement, which must be disposed 
in two directions at light angles to each other and parallel 
to the sides of the slab, is then projiortioncd to provide 
the ncce.'^ary resist anec. 

The designer should bear in mind the })ossibility of reverse 
flexure in some spans of continuous slabs as a result of unequal 
loading, and make such provision as may be reejuired for 
resistance to tension by the use of reinforcement near the 
compression surface of the slab. 

Slabs Forming Beam Flanges.- In struftures where* 
slabs arc in monolithic connection with beams spac(?(^ at 
short distances apart, they may be refgarded as cofistituting 
compression flanges which convert rectangular ^Jj)ejim*i into 
beams of T-section. 

Some designers take the flange width for sucllt beams as 
equal to the spacing between the centres ofHhc ribs of the 
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beams. This ^^racticc, however, is not universally approved 
without qualification. ' < » # 

The R.I.B. A. Report says “ The whole of the slab cannot 
in general be considered to form part of the ‘upper flange of 
the T-beams. The width h of the uppci* flange may be 
assumed to be not greater than one-third the span of the 
beams, or more than three-fourths of the distance from 
centre to centre of the reinforcing ribs or more than fifteen 
times the thickness of the slab. Th(‘ width br of the rib 
should not be less than one-sixth of the width h of the flange.” 

The American Joint Committee recommend the following 
rules, which have been ado})ted, with a slight alteration, in 
the London County Council Regulations, 

Under these rules, the effective breadth of slab must not 
exceed 

(a) One fourth of the effective sjian of tlu^ b(‘am. 

(b) The distance between the centres of the beams. 

(c) Twelve times the thickness ol' the slab plus the breadth 
of the rib of the beam. 

Of these stipulations, («) and (e) are unnecessarily con- 
servative and might safely be altered to agree with the 
corresponding recommendations of the R.I.R.A, Committee^ 

In the ease of independent T-beams, where the (‘dges of 
the compression flange are free, the width of the flange 
should not be more than four or five times the breadth of 
the web. « • 

A more conservative rule is to make tlu‘ flange breadth 
not more than three times the rib breadth and the flange 
thickness not less than one-third the depth of the beam. 

WORKING STRESSES FOR CONCRETE 

ConsideraVle divergence of opinion exists with regard to 
vUe ‘working stresses that should be adopted in reinforced 
concrete ^design. 

Th(J point will be realized fully if the reader will compare 
tlys,. permifisible working stresses recommended by Govern- 
ment an^‘ municipal authorities and technical committees 
in this and olflicr countries. 
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*No useful f)urpose would be served by giving an elaborate 
serie* of tablcs»embodying the working stresses laid down by 
such authorities. Some of tfiem are based upon experi- 
mental results* relating to concrete of inferior quality as 
judged by moddrn standards ; others are representative of 
average values ; and others again are of more or less arbitrary 
character, being intended primarily for the purpose of 
establishing safeguards to protect the ])ublic against the 
effects of indifferent work by inexperienced designers and 
constructors. 

If working stresses were universally fixed at minimum 
values with the object of giving reasonable assurance of 
safety even in the ease of inferior work, a very undesirable 
restriction would be placed upon competent designers and 
constructors. 

The standardization of working stresses on an equitable 
basis would be a simple matter if concrete were a material 
whose physical pr<)})erties could be computed with absolute 
certainty from the proportionate amounts of its constituents. 

Various methods have been put forward for calculating 
or estimating the ultimate strength of concrete, but as there 
lis no guarantee that calculations or estimates will always 
be justified by practical results, it may be said in a general 
way that working stresses are obtained by applying a safety 
factor to an unknown quantity, or at any rate to one ol 
somewh^ft uncertain value. 

Concrete in Tension. — No allowance should be made 
for^the tensile resistance of concrete, except in special cases 
where the maximum tensile stress is within safe limits of 
working stress, which usually range from 25 lb. to 35 lb. 
per square inch. 

Concrete in Compression. — It appears to tiie iiuthor thak 
the most satisfactory method ol arriving at wc^king stresses 
for concrete in compression is fhat - embodiefd in tlje 
recommendations of the R.I.B.A. Committee. 

Briefly stated, this method consists in tesij:§ of 

the concrete to be used for any important twork, and 
in taking the working stress at one-thiM the ultimate 
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compressive sireneth of the test specimens &/t ‘an aee of 
28 days. * t < 

The general adoption of such a method would at once 
put a premium on the production of t^e best qualities of 
concrete, and give to those capable of obtaihing good results, 
an advantage which they do not enjoy if compelled to work 
under rules devised with special regard to the inexperienced 
or unreliable contractor. 

Tables X and XI give the working stresses recommended 
by the R.I.B.A. Committee, the London County Council, the 
American Joint Committee, and the French Commission. 
These values are based upon the ultimate strength of the 
various mixtures at the age of 28 days, as estimated by 
the authorities named, th(^ safety factors })eing : R.I.B.A. 
Committee, 3 ; American Joint Committ(‘e, 8 07 ; French 
Commission, 2-38. The L.(\('. stresses hav(‘ been taken as 
stated in the Regulations, or calculated by a roimula there 
given. 

TADJIK X 

W()HKIN(i STHESSKS FOH (’ONCKKTE IN 
(’0M1»RESS1()N. 


Proportions ok Coxchktk 


1:1-5: 3 

1:1:2 t 

1 lb. per s<f. in. ] lb. jxr ttg. in. 

K. 1,13. A. (’()mniitt(‘(‘ : 1 

(Ira i d nr Hard Stone . i (5(10 — 

L. (^C. Kf^ulations : . .1 

(travel or Hard Slone . •()()() (57r) 

American ('OmmUlee : ! 

(travel . . . . 1 (550 SI 4 

Hard Stone . . . i 715 ' 010 

i 

TABLE XL 

WOBKINL STRESSES FOR (X)NCRETE 
‘ (X)MPRESSTON. 

1 tb. per sq. in. 

‘ 750 

975 , 

1 1,070 

1 

IN 

» f 

Proportions ok C’oj^. rktk. 

1 ; 1-75 :a'5 

1 : 1-5(5 : 3-12 

1 ; 1-37 : 2-76 

■ 

• ' 

, French (/omrnissiori : 

' lb. per tfq. in. 

lb. per 8q. in. 

lb. per 8q. in. 

(Hravt^ .ill. 

L.OvQ. liEofimiVTiONS : 

(riravcl , , / . . ' 

American (Xjmmitlcc ; 

; 038 

1 

717 

798 

038 

00(5 

094 

(travel . . 4 . . ! 

731 

703 

854 
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In conn^tion with safety factors, it should be reinernbered 
that^is concret^i incrdases in strength by nearly 50 {)er cent, 
between thesages of one and Tour months, and thereafter 
at a gradually •decreasing rate, the values of the factors at 
an age of four rwoftths are considerably grcat(‘r than those 
stated above. 

Flexural and Direct Compression, — With the exception of 
the American Joint Committee, the authorities mentioned 
above recommend the same compressive working stresses 
for members under flexure as for members under direct 
compression. The reduced stress proposed by the American 
Committee refers only to columns without transverse rein- 
forcement, and it may be remarked that the H. 1.13. A. C.'om- 
rnittee, who originally recommended a similarly reduced 
stress, now adopt ecpml working stresses for beams and 
columns. 




.4 

TWb question of adopting different working stresses 
for members subject to flexural and direct compression, 
respectively, may be considered from two opposite 
standpoints. 

If the extreme fibre stress due to flexural compression, 
say 600 lb. per square inch, as in Fig. lOlf, is t^iken aft the 
basis a reduced working stress would*seeni to be suggested^ 
for members under direct compression where, as^iTiircfCuted 
in Fig. 108, the stress intensity of 600 lb. per riqfijare yiph 
is uniform throughout. 

On the other hand with direct compressive $;tress intensity 
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as a basis, ai?. increased working slress migh^ perhaps ' be 
permitted in the case of members subject tOi flexure as sug- 
gested in Fig. 109, for the reason that the ma«x:imum stress 
intensity is attained only at the extreme fibVes in the com- 
pressed edge, below which the stress^ intensity rapidily 
diminishes to zero at the neutral axis. 

Concrete in Shear. — The most recent investigations show 
that the shearing strength of concrete is generally from 50 
to 70 per cent, of the compressive strength. Consequently, 
if resistance to simple shear alone had to be considered, the 
working stress might reasonably be put at about one-sixth 
the compressive strength of concrete at 28 days. 

As a matter of fact, liowever, the most important point 
connected with shearing stress in reinforced concrete beams 
is that this stress constitutes the only practicable measure 
of diagonal tension, to which are due most of the failures 
formerly attributed to shear. 

From data available it appears that for concrete of the 
(qualities ordinarily used, a shearing stress of from 100 to 
140 lb. per square inch indicates the probable failure by 
diagonal tension of a beam having no web reinforcement. 

Consequently, it is scarcely judicious to recommend- 
working stresses ranging from 50 to 80 lb. per square inch 
for the shearing stress in cases where this stress is taken as 
the measure of diagonal tension in reinforced concrete 
beams. •• * 

In the opinion of the author, the working stress should 
not be put at more than from 25 to 35 lb. per square ^nch, 
and it is preferable that tlie web reinforcement should be 
designed without taking the shearing resistance of the 
Qoncrete into account. 

• Grip or « Adhesion between Concrete and Steel. — 

Thevecumrvendation of constant values for grip with concrete 
of varying proportions is a defect in the R.I.B.A. Report 

• and yie L.C.C. Regulations from which the proposals of the 
Fjqpch Wmmission and the American Committee are free. 
Of the t\^f> latter, the American recommendations are prefer- 
able as being Inore closely in accordance than those of the 
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French ComBiission with the working slfeswts justifijpd by 
expe*i mental nesults. 

Deformed ^Jba^s giving a mechanical bond may often be 
used with^advfifnta^e, particularly in members where insuffi- 
cient space is Afforded for the hooked ends of ordinary 
plain bars. 


TABLK XII. 

VVoRKiNci Stresses for (.’oncrete in Shear and for 
Grip or Adhesion Between Concrete and Stp:el. 


A nihorii!/. 

J^roporliontt 

of 

('oh Crete. 

Shear. 

(jrip. 



lb. per sq. in. lb. per sq. w. 

K.I.B.A. (\)minitl('f . 

— 

m 

100 


1 : 2 : 1 

ho 'i 

100 


1*2 :2:4 

()5 

(bars hooked at 


I T) :2 : J 

70 

both ends) 


2 : 2 : 4 

75 

60 




(bars other IV ise 




anchored) 

Auiericaii ( ’oiumittec 

1 ; 2 : 4 

40 

80 

i 

1 ; 1 : H 

50 

100 


1:1 : 2 

60 

120 

French (bininission . 

1 : 1*75 : 3-5 

56 

56 


1 ; r5(‘):;n2 

70 

70 


1 : 137 ;2-75 

84 

84 


Although the ffrst slip in the case of deformed as well as 
of plain bars generally takes jdaee at about the same stress, 
the ultimate bond strength for deformed bars is relatively 
high, and the working grip stress may be taken as equal to 
that allowed for plain bars hooked at the ends,^or from 25 to 
50 per cent, greater than that for plaisi bars otherwise 
anchored. 


WORKING STRESSES FOR STE^^ 

The effective strength of a reinforced concre'eii member, 
assuming the integrity of the concrete, is governed by the 
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yield ^uoint rather than by the ultimate strfngt-h of the 
steel. * I f 

Therefore, the working stresses for steel should be based 
upon the yield point with due regard to theMefoimation of 
the metal. In members subject to fle^une the elongation 
of the steel is necessarily proportionate to the stress, and 
as this is increased beyond a point corresponding with the 
ultimate tensile resistance of the concrete, the hair cracks 
distributed along the surface of the latter must be 
proportionately increased in width. 

For this reason it is desirable that the working tensile 
stress in steel should be limited to about 20,000 lb. per 
square inch in ordinary construction. 

Steel in Tension. — The working stresses generally adopted 
are taken at about 50 per cent, of the str(‘ss at the elastic 
limit or the yield point. Some regulations insist upon the 
use of mild steel and limit the working stress to 16,000 lb. 
per square inch. 

There is no reason, however, why high-tension steel of 
approved quality should not be employed in many classes 
of construction at working stresses up to 20,000 lb. per 
square inch. t 

Steel in Compression.- The working compressive stresses 
in steel are usually specified at m times the compressive 
stress c in the surrounding conende, or 15c when 15 is taken 
as the value of w, the modular ratio. • 

In designs where the compressive resistance of the 
concrete is neglected the stress in the steel may be tak(hi at 
about 50 per cent, of the stress at the yield point, providing 
the stress is not such as to cause failure of the concrete by 
eifushing. In designs of this class, the L.C.C. Regulations 
c limit the worijking compressive stress to 16,000 lb. per square 
inch.* 

^teel m Shear. — As so-called shear reinforcement acts 

t I 

in resisting censile stress and is rarely, if ever, called upon 
to ^vvithstwa ^hearing stress, it is scarcely necessary to state 
values forflhe working shearing stress in steel. 

Summary df Working Stresses for Steel.— Table XIII 
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VWRKING st;jiesses ^OY 

gives the •wcfrking stresses specified by the fbur authorities 
prevfbusly cit^. 


TABLE XIII. 

WORKING STRESSES FOR STEEL. 


Authority. 

Tension. 

Compression. 

Shear. 

R.l.B.A. Cominitteo . 

lb. per sq. in. 
10,00(\*or 50% 
strcs.s at yield 
point 

lb. per sq. in. 
15c 

lb. per sq. in. 
12,000,* or 
1^7 i% stress 
at yield point 

h.C.V. Roj'ulations 

1 0,000* 

m'c 

or 10,000* neg- 
lecting compres- 
sive rtjsistance 
of (H)n(;rete 


American (/ommiUeo . 

10,000* 

15c 

— 

French (\)rmriiHsion . 

50% stress at 
elastic limit, or 
40 % in mem- 
bers subject to 
alternating 
st-ressc's 

50% st-ress at ! 
elastic limit, or 
40% in mem- 
bers subject to 
alt-(‘rnating 
stresses 

— 


WORKING STRESSES AND DATA 

From t^ie preceding paragrapli# it will be seen that, unless 
fettered by hard and fast regulations, the designer has 
consWcrable scope for the exercise of judgment in the 
selection of appropriate working stresses in concrete and 
steel. 

For this reason, the author abstains from the presentation 
of his own views in tabulated form. But as values of some ^ 
kind must be employed for the varioift factors ir^ the 
equations stated in this book, when numerical cxaijfiples^are 
* being worked, Table XIV is added, giving wording s^esses 
and other data which are commonly adopted fjj^qualities 
of concrete and steel in more or less general us?. 

• Values relatlnK to mild steel with an ultimate strength Jof ahoi^ 60,000 lb. per square 
inch. 

17-(5139) 8 pp. 
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TABLE XIV. 

Wt)UKlNG STHESSES AND OTHER DAI A v>OMm6nLY UbED ' 

IN Hein FORCED Concrete Design. 

*' ( 

Concrete : ultimate streu^th, 1,800 lb. per su. in. at 28 days. 
Steel : ultimate strength not less than 00,000 Ilf. per sq. in. 
Modular Haiio ; w = 15. 


Material^ ■ 

Kind of StresR, 

etc. ! 

Working Stress ; 
or 

Value. j 

Remarks. 

Concrete : 



Tension 

__ f 


Compression 

600 lb. per sq. in. ; 

B(‘ams and compression 
members 

Shear (simple) 

i 

\ Web reinforcement do- 

Shear (as measure 


[ signed to take total 

of diagonal tension ) 

1 

) shear 


GRTP'OirADHESION : j 
Plain bars, ends i 
anchored but not i 

hooked 60 lb, per sq. in , 

Plain bars (with 

hooked ends) and i 

deformed bars 100 „ „ | 

Steel : I 

Tension . . 16,000 „ „ 

Corrq)ression . ITic | c ^ (*ompr(‘ssive working 

! stress for concreb^ ^ 
Compression (com- | 

pressive strength i 

of concrete neg- 
lected 1 10,000 lb. per sq. in. I 
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Abbreviated formulae, U1 
Adhesion Ijpnd end stress, 49, 56, 
57, 104, 106, 168. 254 

length of *bars, 169 

Age of concrete, increase of strength 
with, 9, 31 

, effect on adhesion, 57 

Aggregate- 
Breeze, 19 
Brick, 19, 27 
Cinder, 19, 27, 41, 42 
Clinker, 19 
Coal residue, 19 
Coke, 19 

Determination of voids, 21 
Fire resistance, 41 
Forge breeze, 19 
Grading, 12, 19, 20 
Gravel, 11, 19, 27, 41 
Impurities in, 19 
Limestone, 19, 42 
Pan breeze, 19 • 

Quality of, 27, 47 
Shingle, 19 

Size of particles, 12, 19, 27 
Slag, 19, 27 

Stone, 12, 18, 19, 27, 42 
Thames ballast, 19 
Varieties, suitable, 19, 42, 47 
— , unsuitable, 19, 27, 41, 42 
Voids, 12, 13, 21, 42 
Alternation or reversal of stress, 8, 
96, 97 

Alum in mortar and eoncreto, 18, 45 
American Joint Committee, 34, 250, 
252, 263* 

Anchorage of bars, 4^ 108 
Ancitfit concrete buildings, 2 
Annealing, effect on mechanically- 
treated bars, 62 

^tiquity of reinforced concrete, 1 
Area, equivalent or transformed, 180, 
237, 246 

Areas, ratios, etc., comparison of, 241 

Ballast, Thames, ^9 
Beam formul® — 

Abbreviated, 141 
Adhesion length of bars, 169 
Basis and data, 119, 128, 135 
Bent-up bars, 175 
Diagonal tension, 170 
Grip or adhesion length, 169 
Notation, 120 


lioam formulae {coriUl.) — 

Numerical examples, 147, 149, 151, 
163, 155, 157, 161, 165 
Rectangular, double reinforcement, 
131 

, single reinforcement, 121 

Resistance moment, 78, 82, 83, 86, 
121, 128, 130, 135, 138 
Shearing stresses, 167, 168, 170 
Standard formulae, 161, (Table 
facing p. 166) 

Standardization of dissimilarly 
exjirossod equations, 88, (Table 
fiKiing j). 90) 

Stirrups, 171, 173, 175 
Stresses and ratios, 124, 129, 131, 
134, 137, 140 

Summary, 145, 146, 148, 150, 152, 
154, 156, 164, (Table facing p. 
166), 180 

Toe, double roinforcomont, 1 35, 1 38 
- — , single reinforcement, 127, 129 
Web stresses and reinforcement, 
8, 167, 170, 180 
Beams — 

Adhesion, 49, 56, 57, 104, 105, 168, 
254 

Alternation or reversal of stress, 
8, 96, 97 

Anchorage of bars, 49, 108 
Bending moment, 179, 245, 248 

and shear, relation 

between, 179 

Bond stress, 49, 56, 57, 104, 105, 
168, 254 
Classes of, 65 

Comparison of plain and reinforced, 
7, 78 

of types, 98, 101, 159 

Compression reinforcement, 96, 
100, 119 

Compressive stress, 69, 74, 251 
Continuous, 248 
Definition, 65 

Diagonal teMion,%8, 107, 108, 170 
Economy of reinforced condtete, 7 
Flexm#, 67, 71, 81, 89,91, 92; 93, 
94, 96 ♦ 

Fonnulffi {See. Beail^formijJffi) 
Homogeneous, theo]^ flexure, 81 
Horizontal sheai> lol? 105,* fll6, 
107, 168 H 

Neutral axis, position of, 71, 74, 90 
Parabolic theoft^, 94 
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Beams (contd.) — « 

Plain concrete, 7, 71, 72, 78 
Kectangular, double reinforce- ^ 
ment, 131 

, single reinforcement, 121 

Reinforced concrete, economy of, 

7, no 

Resistance moment, 78, 86, 88, 121, 
128, 130, 135, 138, 169 
Shearing stress, 67, 104, 105, 106, 
107, 167, 168 
Slabs, 248 

Stirrups, 171, 173, 176 
Straight line theory, 39, 71, 89, 94, 
119 

Stress distribution, 67, 69, 72, 106 
Tee beams, 73, 81, 97 

, double reinforcement, 

135, 138 

, single reinforcement, 

127, 129 

Tension reinforcement, 8, 69, 70, 
74, 119 

Tensile stress, 68, 74, 107, 261 
Theory of flexure, 39, 67, 71, 81, 
89, 91, 94, 96 
Varieties of, 65 

Web stresses and reinforcement, 8, 
167, 170, 176, 180, 254 
Belgian cement, 15 
Bending moment, 179, 245, 248 
Bent-up bars, 70, 108, 175 
Binding for compression members, 
187, 189 

Bond and bond stress, 49, 56, 57, 
104, 105, 168, 254 
Breeze, 19 
Bressummers, 65 
Brick, 19, 27 


Calculations (Sec Numerical 
Examples) 

Cantilever, 65 (See Beams) 
Cement — 

*^cient Roman, 1 
Belgian, 15 

• Initial setting*time,^16 
LaiUmco, 289 30 
Medina, 14 • 

•i^Iortar, 18 » 

* Natiual, 14 i 
Parker’s, jji: 

Falbe, 1^?1,^2 
Portland, ^1, 16 
— , strength of, 1^ 

Proportion in coAirete, 21, 27, 30 
Roman, 14 • 

Scott’s, 14 


Cemen. , , „ , 

Sea water, effect of, 18, 46, 47 
Selenitic* 14 * 

Strength of Portlairfl, tensile, 16 
Cinder, 19, 27, 41, #42 ^ 

Clay, 18, 46. 

Oinker, 19 * * * 

Coal residue, 19 
Coefficients — 

Contraction, 40, 65, 61 
Elasticity. (Sec Elastic modulus) 
Expansion, 40, 55, 61 
Coke, 19 

Columns, 65 (See Compression 
members) 

Combined stress member formulae — 
Derivation, 203 

Formulae based up6n general equa* 
tion, 209 

flexure theory, 214 

— for homogeneous members, 207 
Notation for homogeneous mem- 
bers, 205 

— for reinforced concrete, 209 
Numerical examples, 225, 227, 229, 

231, 232, 233, 234, 235 
Simplified formulae for symmetrical 
sections, 211, 217 
Standard formulae (Table facing 

p. 202) 

Summary, 230, 224, 226, 228, 
Combined stress members, 116, 203 — 
Tension and bending, 223 
Compression and bending, 208 
Compression member formulae — 
(bncentric loading, 183 
Eccentric loading, 198 
French commission, 188 
Gordon’s formula, 192^ 

Long columns, 189 
Notation, 184 

Numeric^ examples, 197, 201 
Rankine’s formula, 193 
Short columns, 186 
Standard formulae (Table facing 

p. 202) 

Summary, 196, 200 
Vertical bars only, 186 

and^Jransverse binding, 

187, 188 

Compression members — 

Binding, 187, 189 
Concentric loading, 116, 183 
Definitions, 66, 109 
Eccentric loading, 116, 198 
Economy of concrete, relative, 109 

of reinforced concrete, 7, 110 

End-fixity factors, 191 
Equivalent length, 191 
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Compression^ member {con ^.) — 
Formulflo (<S(?c Compression mem- 
\^t forrnulap)# • 

Load reducti^ scales, 193 
Long columns, 8, 114, 191 
Longitudifial reinforcement, 111, 
183, 186 • • • 

Short columns, 8, 114, 186 
Transverse binding, 185, 187, 189 
Varieties of, 66, 109 
Virtual length, 191 
Concrete — 

Adhesion to steel, 49, 56, 57, 104, 
105, 168, 254 
Age, effect of, 9, 31, 57 
Aggregate, 11, 12, 19, 20, 21, 27, 
41, 42, 47 

Air-hardoned, 40, 62 
Alum and soap, waterproofing 
compound, 18, 45 
Ancient Roman, 1, 3 
Beams, 7, 71, 72, 78 
Cement, 1, 11, 14, 15, 16, 17, 18, 
21, 27, 28, 30, 46 
Clay, 18, 46 

Characteristics, general, 6 

Compressive strength, 32, 33, 34, 35 I 

Conductivity, 41 

Consistency, 28, 43 

Constitution, 11 

Contraction, 40, 01 

Definition, 11 

Density, 20, 46 

Dry mixtures, 28 

Durability, 1, 3, 6 

Economy in compression, 109 

Elastic limit, 39 

modulus, 39, 58 

Electrolfsis, 48 
Empirical standards, 25 
Ei^iansion and cohtraction, 40, 61 
Fire resistance, 41 
French Commission, 33 
Hair cracks, 60, 51, 60, (>4 
Heat conduction and resistance, 41 
Impermeability, 43 
Joints, 43 

Mechanical analysis, 23 
Mixed, troatmeilf) of, 30 
Mixing, 29 
Oils, effect of, 48 
Percolation tests, 44 
Poisson’s ratio, 38 
Porosity, 43 

Preservation of steel, 1, 6, 62 
Properties, 11, 26 
Proportioning, 20, 21, 22, 23, 26 
Protection of steel, 41 
Be-working, effect of, 30 


Concrete, (contd .) — 

Sand, 11, 12, Iff, 19, 21, 

Sea water, effect of, 18, 46, 47 
« Seasoning in air and water, 

40, 62 

Shearing strength, 37, 264 
Stone pockets, 43 
Strength, 13, 26, 28, 32, 33, 34, 
35, 36 

, factors governing, 1 3, 26 

relative, of different kinds, 

28 

Stresses due to contraction, 40 
Surface treatment, 45 
Tensile strength, 35 
Transverse strength, 36 
Treatment of mixed, 30 
Trial mixtures, 22 
Trowelled surfaces, 45 
Voids, 12, 21, 42 
Water, 18 

, hardening in, 40, 62 

Waterproofing compounds, 45, 47 
Watertightness, 25, 42, 45 
Wet mixtures, 28 
Working stresses, 250 
Conductivity, 4 I 

Contraction and ex])ansion, coeffi- 
cients of, 40, 56, 61 

Diagonal tension, 68, 107, 108, 170 

Eakth in aggregates, 19 
Elastic limit, concrete, 39 

— , steel, 50, 64 

modulus, concrete, 39, 58 

^ steel, 50, 54, 58 

Electrolysis, 48 
Und-fixity factors, 191 
Equivalent area, 186, 237, 246 
length, 191 

Expansion and contraction, concrete, 
40, 61 

, steel, 40, 55, 61 

Expanded steel, 49 

Firk resistance of concrete, 41 • 

Flexure, theories oL 39, 67, 71, 81, 
89, 91, 9#, 96 

, parabolic theo]^, 94 ^ 

, stfaight-line theory, 39, 7l. 89, 

94, 96 

Forge breeze, 19 
Formnlse — 

Abbreviated, 14 F 
Beams {See Beam Pirmulffi) 
Bending momjrit, 245, 248 
Combined stresset {SeAi Combined 
stress member Tormulfie) 
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Forniulae (contd .) — 

Comj^rossion mfimberB (See Coip> 
pression member formulee) 
Dissimilar expression of, 88 • 

Empirical, 92 
Equivalent area, 237, 246 
French Commission, 188 
Gk)rdon’s formula, 192 
Gyration radius, 244, 246 
Inertia moment, 239, 246 
Longitudinal stresses (beams), 119 
Modulus of section, 242, 246 
Numerical examples (Beams), 147, 

149, 151, 163, 155, 167, 161, 
165 

(Combined stress mem* 

bers), 226, 227, 229, 231, 232, 
233, 234, 235 

(Compression members), 

197, 201 

(Miscellaneous), 247 

Parabolic, 94 
Rankine’s formula, 193 
Resistance moment (See Beam 
formulae) 

Simple working formulae, 142 
Slabs, 248 

Standard formulae, 161 (Tables 
facing pp. 166 and 202), 246 

notation, 88, xxi, (Table facing 

p. 258) 

Standardization of, 88 (Table facing 
p. 90) 

Straight-line, 94, 119 
Summary (Beams), 145, 146, 148, 

150, 152, 154, 166, 164 (Table 
facing p. 166) 

(Combined stress mem- 
bers), 223, 224, 226, 228, 23#, 
(Table facing p, 202) 

Summary (Compression members), 
196, 200, (Table facing p. 202) 

(Miscellaneous), 246 

Web stresses and reinforcement, 
167, 180 

Working stresses, 237, 253, 254, 
• • 265, 266, 267 


\llBDER8, 65 • 

Gordpif’s formiHa, 192 
Grading aggregates, 12, 19, ^ 
(JRfvel, 11, 19, 27, 41 
* Grip an4 giip J^ress, 49, 56, 67, 104, 


106 . 168 , 8 ^ 

— ^ length of bUh, 169 
Gyration radTis, 244, 246 


Hbat conducting and resistance, 41 
History of reinforced concrete, 1 


Hooked law, 64, 71^ 

Hydraulic lime. 14 

Impermeability of ^bncrete, 43 
Inertia moment, 939, 2^ 

Laitance, *8, So 
Lime in concrete, 46 
Limes, varieties of, 13 

, hydraulic, 14 

Limestone, 19, 42 
Load reduction scales, 193 
Long columns, 8, 114, 191 

Mechanical analysis, 23 

bond, 49, 67 

Medina cement, 14 
Modular ratio, 58 
Modulus, elastic, 39, 50, 54, 68 

, section, 242 

Moment, bending 179, 245, 248 

, inertia, 239, 246 

, resistance (See Beams and 

Beam formulse) 

Monolithic construction, 9 
Mortar, 18 

Natural cement, 14 
Neutral axis diagram (Combined 
stress piembors). facing p. 218 

— — , position, 71, 74, 90 

Notation, (beams), 120 * 

(Combined stress members), 206 

209 

(Compression members), 183, 

184 

Notation standard, 88, xxi, (Table 
facing p. 258) • 

Numerical examples of formulse — 
(Beams), 147, 149, 161, 153,»155, 
157, 161, 165 

(Combined stress members), 225, 
227, 229, 231, 232, 233, 234, 234 
(Compression members), 197, 201 
(Miscellaneous), 247 

Oils, effect on concrete, 48 

#- 

Pan breeze, 19 
Parabolic theory, 94 
Parker’s cement, 14 
Percolation tests, 44 
Piers, 65 
Piles, 65 
Pillars, 65 
Poisson’s ratio, 38 
Portland cement, 11 — 

Constitution, 15 
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Portland ceiio^jb, (confei.)— 

Setting times, IG 
Slow-setting, lif 
Tensile strength, 16 
Posts, 05 ^ I ' 

Preservation of steel by concrete, j 
1, 6, 62 • • • 1 
Proportioning concrete, 20, 21, 22, 
23, 25 

Protection of steel by concrete, 41 

Rankine’s formula, 193 
Reinforced concrete — 

Adhesion between concrete and ' 


Reinforcement (co^td .) — 

, Bronze bars, 1 
Compression, in beams, 96, 100, 1 
* Corrugated bars, 49 
Deformed bars, 49, 57 
Double, definition, 119 

, need for, 96 

Economic proportion, 99 
Efficiency of concrete increased by, 
7, 74 

Excess proportion sometimes ad- 
vantageous, 99, 101 
Expanded steel, 49 
Fire protection of, 41 


steel, 49, 56, 57, 104, 105, 168, 254 ' 
Age, effect of, 9, 31, 57 
Antiquity of, 1 
Beams, 65 

Bond and bond stress, 49, 56, 57, 
104, 105, 168, 254 ! 

Characteristics, 5, 6 ! 

Compressibility, 66 1 

Compression members, relative 
economy, 7, 110 
Compressive strength, 0 
Definition, 7 

Distinctive features, 9, 60 
Durability, 9 
Economy, 7, 110 
Elasticity, 9, 58, 66 
Expansion and contraction, 40, 61 
Extensibility, 60, 66 
Flexure theories, 39, 67, 71, 81, 89, 
91, 94, 96 

Fundamental principles, 66 
Grip and grip stress, 49, 56, 57, 
104, 105, 168, 254 
Hair cracks, 50, 51, 60, 64 
Historj^ 1 

Medissval and moj]lem, 3 
Modular ratio, 58 
Parabolic theory, 94 
Preservation of steel, 1, 62 
Principles, 7, 66 
Protection of steel, 41 
Straight-line theory, 89, 94, 96 
Strength, increase with age, 9, 31 
Stress intensities in concrete and 
steel, 66 ^ 

Stresses, internal, 62 
Tenacity and extensibility, 60, 66 
Theory, 65, 89, 94, 104 
Toughness, 66 
Reinforcement — 

Adhesion length of bars, 169 
Anchorage, 49, 108 
Bent-up bars, 70, 108, 175 
Binding for compression members, 
187, 189 


Flat bars, 49 

Frictional resistance to slip, 57 
Grip length of bars, 169 
High-tension steel, 50 
Hoop steel, 49 
Iron bars, 1 

Longitudinal, in compression mem- 
bers, 111, 183, 186 
Mechanical bond bars, 49, 57 
Mechanically treated steel, 51 
Mild steel, 50 
Network, 49 

Preservation and protection of, 1, 

6, 28, 41, 62 
Properties of steel, 49 
Proportioning web momlers, 175 
Quality of steel, 50 
Ribbed bars, 49 
Round bars, 49 
Rusted bars, 57, 04 
Single, definition, 119 
Spacing binding, 188 

web members, 175 

Spiral binding, 188 
Square bars, 49 

Steel, forms and properties, 49, 62 
Stirrups, 171, 173, 175 
Strip steel, 49 
Surface condition, 57, 64 
Tension, 8, 69, 70, 74, 119 
Timber, 1 

Transverse in compression mem- 
bers, 111, 113, 187 
Twisted bars, 49^ 

Vertical ii# compression numbers, 
IIL 183, 186 • 

Web momters, 8, 16>, 170 
Resistance moments, comparisolTOE, , 
159 

Roman cement, 14 

Sand, 11, 12, 1^ 19, 9l, 46 
Scott’s cement, Jl4 
Sea water, effect ofl^ concrete, 18, 46, 
47 
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Section modulus, ^*142, 246 
Selenitic cement, 14 , 

Shear, horizontal, 104, 106, 106, 107, 
168 

, vertical, 100, 170 

Shearing stress, 67, 104, 105, 106, 
107, 167, 179 

around bars, 106 

Shingle, 19 

Shipbuilding, concrete for, 43 
Short columns, 8, 114, 186 
Slabs, 248 
Slag, 19, 27 

Slow-setting cement, 16 

Soap in concrete and mortar, 18, 46 j 

S})acmg factors for binding, 188, ISi), ' 


Stresses — 

Adhesion or bond, 104, 106, 168, 264 
Alternalion or reversal, 8, 96, 97 
Bond, 104, 105, 264 

Compressive, 6^ 74, 261 
Combined compression and bond- 
ing, ll(j, 208 

tension and bonding, 223 

Diagonal tension, 68, 107, 108, 170 
Distribution (in Wms), 67, 69, 72, 
106 

Crip stress, 104, 105, 168, 264 
Horizontal shear, 104, 106, 106, 
107, 168 

around bars, 104, 106, 

168 


190 

Stanchions, 65 

Standard formuloc, 161 (Tables facing 
pp. 106 and 202) 

Standard notation, 88, xxi (Table 
facing p. 268) 

Standardization of formulep, 88 (Table 
facing p. 90) 

Steel — 

Annealing, effect on mechanically 
treated bars, 52 
Carbon i)ercentagea, 63 
Characteristics, 6 
Compressibility, 65 
Comj)res8ivo strength, 63 
Contniction, coefficient of, 40, 56. 61 
Corrosion, protection from 42 
Dufitility, 63 
Elastic limit, 60, 54 

• — modulus, 60, 64, 58 
Expansion, coefficient, of, 40, 66, 61 
Extensibility, 56 

High -carbon, 5t) 

High-tension, 50 
Meehan icalJy treated, 51 
Mild, 60 

Permanent set, initial, 51 
Projwrties, 49 

Preservation by conerete, 1, 6, 62 
Protection from corrosion and fire, 

• 28, 41 

Shearing strength. 53 
Tensde strengUi, 62 
Yiyld point, 54 
Urrups, 17>; 173, 176 
IWe, 12, 18, 19, 27, 42 

scifwniBgti 12, 18 

trmgl|t-linejMtoory, 39, 71, 89, 94, 
96 ^ 


Internal, in concrete, 62 
Shearing stress, 07, 104, 106, 106, 
107, 167, 179 
Tensile, 08, 74, 107, 261 
Vortical shear, 106, 170 
Web (in beams), 67, 104, 167, 171, 
176, 180, 264 

Structural members, varieties of, 66 
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